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be optimistic. Nevertheless, Fig. I-1 serves to place the various emitters
1 a relative order with respect to temperature. Accordingly, oxide cath-
odes should be the most desirable 'ype of emitiers and dispenser cathodes
would rate second.

During the contract period covered by this report, emphasis was
placec upcn the development of low work function cathodes which not oniy
endure the intensive ion bombardment but also remain in an equilibriuin
state of activation over long time periods while subjected to a discharge
environment. At the outset, a survey was taken of the various ervironmen-
tal factors which can wffect the performance of a cathode in a discharge. It
was found that, in addition to ion bombardment, the presence of a plasma
shecth adjacent o the cathode is of major importance. Indeed, the fields ot)
the sheath are of such magnitude that up to current densities of many A/cm*,
emission from the cathode remains temperature limited. If the emissive
layer is tco thick, resistive heating of the layer by the emission currents
becomes important. The associated increase in temperature raises the
electron emission which, in turn, leads to still more heating. This ther-
mal runaway is well known, ard uitimately causes the destruction of the
emissive layer.

In Section III the emission density or arc current (for a given
cathode design) is found to be a function of other parameters, in addition to
the cathode heating pcwer. Three of these parameters are resistive heating
in the emissive layer, mercury flow rate, and arc power. Since a portion
of the arc power is dissipated in the cathode, the cathode temperature is
determinel partially by the arc power level. The mercury flow determines
the plasma density, and hence the sheath width. As a result, the arc
current is a function of the cathode Leating power, resistive heating, arc
power, and mercury flow.

In the course of this contract, cathcdes of several different de-
signs were evaluated. Common to all designs was an optimization of the
thickness of the emissive layer, such that runaway could not become a prob-
lem, while sufficient emissive material was available to avoid depletion by
sputtering in less than 10, 000 hours. The de31gns differed with respect to
the method by which a large store of emissive material was kept and was
made available under ion bombardment, while avoiding the excessive elec-
trical and thermal resistance iesponsible for runaway and arcing in.con-

- ventional thick coatings. The essential features of these designs, as well

as their merits and faults, are summanzed here. ;
. o _

Initially, an approach was considered in which a specially tailored
porous matrix was to be utilized. As in dispenser cathodes, the emissive
material was to be embedded in the pores of the matrix and madeé available
at the surface by diffusion and migration. A semi-quantitative analysis of
the mechanisms involved made it clear that the réquired high rate. of dis-

" pensation could not be achieved with the coarse structures of crdinary cath- .
ode matrices. In fact, even'matrices composed of the finest known tungsten
powders seemed marginal. -This was considered too uncertain to warrant
further pursuit of the dispenser cathode concept. -

W
u
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At a later time during the contract, NASA LeRC suppliced several
conventional dispenser cathodes for tests in a Kauiman i1on thrustor. Aside
from unexpected periodic emission bursts in the initial phases of their life
cycle, these cathodes behaved just as would have been expected. In order
to emit, they had to be maintained considerably above the recommended
operating temperature. Considering the large pore separation in conven-
tional matrices, only a small fraction of the surface should have been cover-
ed with emissive material. Thus, the high operating temperature was re-
required for (1) sufficient total emission from this small fraction of covered
surface and (2) diffusion of sufficient emitting material to the surface to over-
come the losses. All dispenser cathodes tested consumed large quantities of

- heater power and failed prematurely due tc heater failures.

The concept used in 2 second configuration was to take advantage ofa
geometrical shielding effect against the impacting ions. A ribbon shaped oxide
cathode was folded into a compact volume and was exposed to the discharge
plasma only at one edge. This led to a reduction in the ion impact rate by
about one order of magnitude and it permitted the use of coatings sufficiently
thin to exclude runaway heating. In the course of this contract, four versions
of this cathode type, called '"Flower Cathode, ' were designed and about 19
sample cathodes were tested. The results obtained were very favorable and
the flower cathode is presently considered the most promising cathode type
d-veloped under this contract. The latest version, utilizing an oxide coating
of nickel encapsulated barium oxide particles for increased coating conduc-
t1v1ty, has passed a 1000 hour test in actual thrustor operation. It showed no
signs of deterioration in emission in spite of exposure to air after 800 hours
because of a feed system fallure.

While the suitability of the flower cathodes for use in Kaufman engines-

has thus been demonstrated, several further improvements seem advisable.

At present, flow¢r cathodes consume on the order of 35 W/A of emitted cur-
rent, which is high. The average emission density has been maintai: d at
about 0.25 A/cmé which'is a proven value for oxide cathodes in vacuum tubes.
Any significant increase above this level would benefit the power efficiency
substantially. Tests of limited duration at increased emission rates have in-
dicated that flower cathodes coated with nickel encapsulated barium oxide may

. well be able to operate at substantially increased current densities without

damage to the oxide by resistive overheating. Future work toward hlgher
emission density operation should include a study of ‘the effects of varying the
thickness of the nickel encapsulating the barium oxide particles. The emission
" dsnsity, without destructive overheating, will be a function of this nickel en- .
capsulant thickness, ) - ¢
- . . v
Another area of petential improvements is the choice of ribbon ma-

“terial. So far, mesh composed of cathode nickel has been used exclusively.
One of the early flower cathodes failed after 850 hours of uperation due to . . _
breakage of the mesh. . This caused some concern about the reéliability of the o
mesh. Smce then, a four times heavier mesh made of a nickel alloy with su- '
perior strength has been used.” A more recent, a.dd1t1ona1 failyre involving »

. mesh burn out should not be attnbuted to the mesh. It occurred while the

_system pressure had risen to about 1 Torr. At this high pressure: the cathode -
must have become mactwated and.the arc can be assumed to. have focused upon

~a small region of the mesh which then overhedted and burned out. Another no
shortcoming of nickel mesh is, ntSUtendency to sag in long term operatwn. Al-
o . - - 4 . Coe i ] e
q,\\\ J B , - o .0 . “
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together, it would seem an appropriate precaution. therefore, to consider
other, higher melting mesh materials, for exarnyle, tungsten.

The concept uncerlying the third approach was to use a thick slab
of emissive material, rendered more conductive through interspaced threads
of conductive material. The emission currents were expected to follow the
conductive paths up to the emitter suriace where they would branch out into
barium oxide gains and be emitted. Under ion bombardment, the entire slab
was to wear down gradually, tcgetner with the conductive inclusions.

This concept has led to the development of the so-called '"Disk
Cathede.'" As the label implies, this cathode type utilizes disks as the con-
ductive medium. A thick slab is manufactured by stacking up a large number
of disks, each coated with barium oxide. The disks must be extremely thin in
order to wear down uniformly with the oxide. This requirement turns out to be
rather critical. While tiie electrical conductivity of even the thinnest disks is
quite sufficient, the heat flow along these disks encounters a considerable im-
pedance. This results .:n a large temperature gradient across the slab which,
in turn, leads to inefficicnt heater power utilization. In several tests, disk
cathodes performed well 2% electron emitters; however, their power consump-
tion was undesirably high because of the heat flow problem.

Undoubtedly, impr,ovement of the disk cathode concept is possible. On
all earlier built disk cathodes, the heater has been mounted in the rear of the
oxide slab. If the heater were to be buried inside ‘the disk stack, 'the heater
power would be utilized considerably more eff1c1ently apd 2 more useful cath-
ode would result.

The last approach under this contract was a prehmmary attempt to
utilize nickel encapsulated barium oxide in a thick ermtter slab configuration.
This cathode type was developed after the heat conductance problem with disk
cathodes arose. Therefore, a cup shaped configuration with the heater on the
inside was adopted. The outside of a nickel cup was coated with a heavy layer
of nickel encapsulated bariumni oxide. Initially, this "Cup Cathode' functioned
satisfactorily. However, after some life testmg the heater power had to be
raised substantially to maintain the emission current. Thls eventually result-
ed in a2 heater failure. Post mortem inspection revealed 'that the coating had
flaked off the nickel support. This led to the conclusion that the.nickel.encap-
“sulant, surrounding the barium oxide grams was not sufﬁcﬂlntly thick to pre-
vent flaking. It should be added that thé emissive layer used here was about
10 times as thick as that of the latest type of flower ?athode. Obviously, the
cup cathode will require further development effort in order to determine the
optigxum nickel encapsulant thickness for these thick oxide emissive layers.

u

o . The results obtained during the. contract may be summarized as fol-

lows: The basic problems, from-which cathodes in a discharge environment’
suffer, have been elucidated. Several workable concepts for economical and
durable cathodes have been evolved. Many test cathodes were built and oper-
ated: TH4 test resulfs suggest that at least one cathode type, the flower cath- *
ode with nickel enicapsulated barium oxide, has reached an advanced status,
and that prototype cathode can naw be ~pug to use conﬁdently in Kaufman ion
thrustors. 0 . "
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II. PHYSICAL CONCEPTS

When thermionic cathodes are operated in a discharge plasma, they
are subjected to intense ion bombardment. Such bombardment causes rapid
removal of the cathode coating and thereby leads to premature loss of
emission. Observations by Kerslake, 4 for example, have shown that the
surface of oxide cathodes which were operated in a mercury plasma became
eroded at the rate of one monolayer every 4 sec. With a plasma density of
the order of 1012 part1c1es/cm3, an ion temperature equivalent to 1V and a

scharge potential of 40V, this corresponded to a sputtering rate of 5 x 10~
atoms/ion for 40V mercury ions. In contrast, typical metals sputter at the
rate of 10-4 to 10-5 atoms/ion under 40V mercury ion bombardment.

-3

This significant difference between metals and BaO cannot be ex-
plained on the basis of the familiar laws for low energy sputtering. Accord-
ing to Wehner, 5 the sputtering rates should vary inversely with the heat of
sublimation. For typical metals, the latter quantity possesses values be-
twce.: 2 and 8 eV, With a heat of sublimation of 3.8 eV, 6 the sputtering
rate of BaO should be comparable to that of metals.,

A possible explanation for the anomalously high sputtering rates of
BaO may be advanced along the lines considered by Yoshida, et al. 7 for
the evolution of barium from BaO under electron impact. Accordmg to
these authors, most of the kinetic energy of the impacting electrons is
expended in the production of hole-electron pairs. Holes and electrons
diffuse about the BaO crystal and eventually recombine. Some annihilate
at the surface and their energy becomes available for the ejection of barium
and oxygen atoms. In BaO the valence band is approx1mate1y 3.8V below
the conduction band, 8 5o that each hole-electron pair carries an energy of
3.8 eV. The heat of sublimation of the reaction

BaO (s) - 1/2 Oz'(g) :'+ ~Ba(g) 7 K

"
s

- is-approximately 4.5 eV. 9 Hence, hole-electron recombmatlon at the sur-
face can almost completely supply tlie energy of disassociation. The small
0.7eV def1c1ency can be made up thermally. ©

eyl

Presumably, a similar process takes place under ion bombirdment.
It is well known that most of the kinetic energy of unpactmg low energy ions
.« is used up.in the generauon of hole-electron pairs. Since ions penetrate .
' much less.deeply into the crystal than electrons of comparable energies, the .
' number of holes reaching the surface (and, hence, the number of barium
atoms liberated) will be conmderably larger in the case of ions. This is in
geperal agreement with the experimental results. Yoshida has observed a - T
°production rate of agproxlmately 10-% barium atoms per impacting 40 eV - '
.electron. This compares w1th: 5x 10-% atoms per. 40 eV mercury mn. .
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In addition, the described free barium generation mechanism may
explain the ease with which oxide cathodes in discharge plasmas can be
activated. It has beer observed, for example, that new cathodes can be
activated simply by increasing the temperature to the operating level and
initiating the arc plasma. Similarly, oxide cathodes using a passive nickel
base have been found to activate readily, even though they lack the usual
activators. (These activators have the task of generating free barium atoms
which then diffuse into the BaO lattice and provide the donor states required
to render the crystal semiconducting.) Both observations suggest that some
of the free barium atoms generated by hole-electron pair annihilation diffuse
into the BaO ldttice and provide the required donor population.

The number of barium atoms diffusing into the lattice is small
compared with that evaporating into vacuum._ This is evident from a com-
parison of the evaporation ratel0O of 4 pg/cmz' or 5.5 x 1012 parium atoms/
cm? sec with the diffusion rate as given by

Sz"Dd—x

where
D =diffusion constant

ard

g—;- = barium concentration gradient. ' i

For a monolayer at the surface of a 100 thick coating dc/dx = 4 x 1016
barium atoms/cm3, and D = 2.5 x 10-11 cm2/sec, 11 the diffusion becomes

S =.106 barium atoms/cm? sec, which is considerably less than the evapor-
ation rate. Using the above mentioned loss rate of 0. 25‘:.monolayers/sec, the
total loss of BaO during a lifetime of, e.g., 10,000 hours amounts to 0.5
g/cm®. This constitutes an oxide layer 0.5 cm thick. Unfortunately, such

a large layer thickness is not compatible with sound cathodeé, construction

_practice. The difficulty arises from the fact that the semiconducting oxide .

layer possesses a finite electrical resistance. The emjssion current passing

through this layer generates heat. The resulting rise ih temperature causes

the emission to increase, which ih turn.increases the (7’ rrent flow through. -

the cathdde. Thus, a runaway condition arises which Itads to autocdthode -

operation (also called "sparking'). Observations by""KI i¥slake have  shown
that overheating usually occurs in spots; thit these s»pfgfs frequently change
location, and that the o. -~ -all"activity.of the cithode eventually begifis to
deteriorate. . o o I . T T

w
-

3 . . To prevent this undesirable effect, the dxide Iay‘é})’r\i'i(ls't be léepff e
sufficiently thin. The maximum tolerable thickness may he estimated as’
fgllps?vs. 3 . The heat balance jn the oxide layer.is given _byﬁ:he €quation "

»
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.In vacuum devices, the current drawn between cathode and arode is limited

o
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- where V,  is the anode 'potential, d the sepa’ratio% betwé7t£ cathode and anode,-

where P;r is the heater input-power per square centimeter transmitted
through 1I:—1E1e oxide coating, J2R is the Joule heating by the emission current
in the conting, CT™ is the heat radiation from the coating surface and

J(é + 2k T/e) is the heat removed by the emitted electrons. The standard
terminology is used here:

= current density
= resistance

radiation constants

I

work function

e A W4
m

m

Boltzmann constant
T = temperature
e = electron charge

Since the emission current density J varies exponentially with T,
the term CT™ is relatively constant with constant heater power. Thus,
the above equation is essentially balanced when

6 + kT ~ ¢ |

Js e R

x|~

N «

If the coating impedance R is expressed in terms of the volume resistivity ';'f",:'
p and thickness t, the latter relation can be written as, o

¢

t e

max Jp ' : "

due to the presence of space charge. The maximum current density then dis
determined by the Child-Langmuir law ‘ )

o ) e -

. 4 . . "
d s %
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and C a constant for planar geometry = 2,3 x 10~ A/v3 In a.plasma, the

‘situation is more complicated, Here, the potential is.applied between cathode' ™ .’

and plasma, and the potential rise takes place across the plasma sheath. The ° -

- width of the sheath depends upon the plasma density and plastha tempe rature. ° The
_flow-of electrons across this sheath is influencéd by the counterflow of.ions from
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the plasma to the cathode. Both ions and electrons partially compensate
the other's space charge, so that the current flow is somewhat larger than
in the case of a vacuum diode of comparable gap width and voltage. Accord-
ing to Langmuir, 12 the limiting electron flow rate can be determined without
knowing the sheath width and voltage; it is given by

m, 1/2
EY
e i \m

e

where J; is the random ion current density at the plasma edge:

Here, N is the plasma density and vy, the thermal ion velocity.

Introductionof the last two equations into the expression.for thax

yields )
1/2 4
tmax ~ ( rT ) " pNe Vin

o

For a mercur gf plasma of 2 x 101 partmles/crh3 with a thermal ion

. Two novel ca.thode conflguratwns, the "Flower Cathode" and the '"'Disk v

velocity of 10° cm/sec (equlvalent to 1 eV thermal energy), for. an oxide
coating with a resistivity P of 100 Q-cm, and for a work function: ¢ of
1.5 eV,3 one obtams a maximum coatmg th1ckness tm of approximadtely
5x 1073 cmi. - ,

Th1s small coating thickness of léss than 10 -2 cm, reqmred for
safe cathode operatmn, obkusly is in conflict with the large coating
thickness of 0.5 cm. required for BaO, storage against sputter.losses. The .
primary ob.)ective of this contract is to overcome this incompatibifity. ~: = ..

[EI

.Cathode, vand a, novel type ‘of active ngatenal the "Nickel Encapsulated Powder ",
“have been evolved to combine safe: operafion and syfficient material storage

for long cathode 11£e. “The principles of operation ‘of thése cathodds will
now be d1scussed br1ef1y. Test resultsthll be p"ré@en@eﬁ in Sect1 m, -
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where N is the plasma density and vy}, is the thermal ion velocity. If the
cathode surface is not flat, but contains folds (see Fig. 1I-1), the effective
bombarding current density may be reduced by a factor equal to the ratio
of the frontal to total cathode surface area. This reduction of ion bom-
bardment density depends upon the distance from the cathode at which the
average cathode-bound ion iz born. This distance must be large compared
with the separation between cathode folds. Ion productmn within that part
of the plasma which extends into the dathode folds is then comparatively
small. . Tons generated in the bulk of the plasma bombard the cathode sur-
face at;* rate which depends upon the frontal to surface area ratio. A sur-
face ratio of 1:10, which is quite practical, permits reduction of the oxide
coating thickness from 0.5 cm (required for a lifetime of .10, 000 hours) to
0.05 cm. This is still too large by a factor of 10. If the cathode is con-
structed of a folded wire mesh (see Fig. II-1), the coating thickness can be
reduced still further by another factor of the order of 2 because of the
additional increase in surface area. Finally, the plasma density decreases .
toward the back of the folds (because of the progressive loss of ions).
Theérefore, the maximum permissible t,;, bécomes larger. At the deep end
of a fold which, for example, is ten times deeper than it is wide, the plas-
mas density should have decreased by an order of magnitude; therefore, the
la.yer thickness could be as high as 0.05 cm. Therefore, if a layer of
varymg thickness is adépted, increasing from 0.005 cm thickness at the
" front of the fold to 0.05 cm at the rear (refer to Fig. III-9),” sparking .
should not be a problem and a full 10, 000 hour sup@ly of BaO should be
. .available.
! 1
In the d1mens1onmg of the cathode folds it is of impor tance that the

plasma be able to penetrate into the folds, Only then will the cathode be -

oL akle to emit suff1c1ent numbers of electrons into the plasma. The criti-

' cal distance, is thus the Langmuir sheath width, which is obtained from
Child-Langfnuir's law by solving for di, and introducihg the expression

, given earlier for the random ctrrent dens1ty Jv o . \ SR
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e In order ghat the plasma can penetrate mto the folds, the  must be a{: 1east e
VoLt \ two plasma, sheath widths wide: With'a _plasma detisity” N 'of 2.x. IG RPN

. " " particles/cim3 at the deep end of the fold, a thermal ion.veldcity. of 10570 RN
» ¢m/sec, and.a’ sheath potent1al of 30V, the sheath width. bec&bmeq;approxp— AL

, mately lcm apart under these plasma condztwns.
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tivity of the pxide costing., Uf it were possible to. eliminate tlu ; rvwst e,
the problem would be resolved. An approach, i this direction is to inter-
space the coating with threaods of ¢ondudtive material, ]‘hn Cindasion cure
rents then follow conduce i,m;v paths up to nma\r the umt;n;' surince, where
'thvy br?).nc,h out into NBaG f’ld,lllb and arpe umﬁ‘i( seh. ‘ e

ot
v

. A'bBasic requircment. ui this « ciw-:ep,t_j.'s that the copductor matexinl - |
must c;puttei* as rapjdly as the B, Decause most metals.which could
o serve as conductors spufte r'dt lenst 10 times more '-.]uw]y thav the oxide,
" the tiactional armount of the metal must be less than 10,0 (m weight) of the
. Ba0. TInterms of the volume fraction, this reduces to .}ppruxunatoly 2%.
«  This small quantity of conductive materigl must be I"‘t“fr'-;pa( ed belween
} the BaO so that the distance betwcen conductive thrcads nowhme 15 la”.,ex
than aJmnt 1()"z cm. e S .

£ e © ! ) - 1. » N
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Figure I[-2 shows a possible embodlrns-nl of this conce eft. The" 3 >

- ca LhodP is composed of a-large number Of nickel disks approximately 10

h Acm thick, each : oatr d with a {ayer of 10°¢°¢cm ‘BaO. A; t*.gally, the nicke)

, disks should be less than 2 x 10~ ¥ cm thick, but. nickelssheirt of such™a _

o “small thickvess is nol commércially 4vailablé. The larger than optimugn -,

thickness of theé nickel will cause the mcﬁel td stand oyt somewhat br»y(nrd . v g
. the barium gxide (see‘nsert, Fig. II1-2). In order to ascektaim that the . e

, described disk configuration £ulfills its Tunction, omc st © ompute the
. po;en‘tlal drsp under the flow of the emission currents. . wh B resis i,w1ty .

. . of 1.8x 102 (Q-cm’ aet lOOOOK for nickel and an, aVeraBe emission_d@nsity Ce

o N =0 0.5 A/cm?, the potential drop along disks of 1 em length, 10~ 3 un P .
+ .0 . ~=thizkness,cand 10™“ tm.separation becomes approxxmately 107 V’ Ob- . e

B Dvaousiy,gthe potential drop-is sufh&en“tly"lowﬁ “The temﬁperature’ drop. w . .
.o, . “-acrofs a nickel disk was calculatcd under the.ags 4ptmn i.ha_t,thoe power . ..
cry T loss 1sog1ven “by-the rad1ahorr £quation, ‘P c= g€ AT4%, and ﬂ(;hzft, the power

A mpu‘t is géiven by the gpn&uuct;on equatmn, e KA 'AT After eguatmg é'»’ e

o

© e Lt power mput and po»&ér loss; and sokving theo‘he,sultmg chffereuntial equa.tlgn € .. °
a e o Wwith a glort coﬁ prQ ram,.the terhperature drop wasifound td'be. - s e

= - ap rcxlmatrely cm. thlck digks -and” 2 og, for 2 x 10"4”cmw . e
R thick disks.> Thé aq%ualotempagatgu r2..0f ﬁ{e disks’ W‘Jl depend toa la&rge S e o
: Lw?:of;»"'g"o - “/extent on “the thermal ‘Eon?at; he;weﬁm dxsks and'"frc;m Elsks to their supgort o T
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N ;,5 hostqvf;oreth%*actlve su‘bstanc@s. Acifwat"ion of"these efnitterd is accomp-. .5 . ..
S&Z " 0. lished threugh continuous diffusion’el.the a(c;txve mate?xals b&%; surface. »,; vee, Iy
el %‘I’he composition of the ‘activated” sgrfaes/ré somewhat differentdraom that of °-* - o
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While oxide cathodes wear down {rom the top under jon bombard-
ment, the body of impregnated cathodes remains 1ntact since the sputter-
:ng rates for metals are comparatively small. (Most metals are eroded
at the rate of approximately 1075 to 10-4 atoms/ion under bombardment
of 30 to 50 eV mercury ions. In the course of a 10,000 hour bombardment
with 5 mA/cmz, therefore, depletion should not exceed 104 10 165 atom
layers.) In contrast, the active material on the metal surface is sputtered
quite rapidly (at rates of the order of 3 x 10-3 atoms/ion). Impregnated
rathodes can therefore remain activated only if their surface layers are
replenished with unusual speed. In the following sections, the physical
i mechanisms 1n impregnated cathodes are discussed.

There are two basic versions of dispenser cathodes. In the im-
pregnated cathode, the active material is stored within the pores of the
matrix; in the other (the so-called L-cathode}, the active material is stored
im. a separate reservo:r. Because of its greater simplicity, the former type
currently is used most. The L-cathode, on the other hard, has the advan-
tage of a large storage capacity for active material, and this is of consid-
erable importance hers. In fact, it will be seen that the total consumption
of active material during a life span of 10,000 hours approaches the limit
of what can be stored within a matrix.

Sl

The most common impregnated cathode utilizes tungsten as a matrix
and contains fillings of calcium and barium aluminates.

The mechanism in impregnated cathodes is described utiliZing a
simplified but experimentally well supported model. Figure II-3 shows a
rsaction chamber represerting the pores in a matrix. The chamber con-
tains barium and calcium compounds which react with an "activator' to
produce a temperature dependent barium vapor pressure. The reaction
chamber is connected to the cathode surface by thin channels or pores
through which barium is forced to the surface. The transport to the sur-
face may take place as free molecular flow (Knudsen flow) and/or migra--
tzon along the channel surfaces. The portion of barium which passes the
,hannel via free molecular flow streams out into the surrounding vacuum
and 1s lost to sutface activation. The migrating part, however, spreads
over the surface, thereby reducing the work function of the surface. The
activated-area extends in a circle around the channel opening.- In equilib-
rium, the supply to the surface layer is balanced by evaporation and by
sputtermg losses. -

To assess this model more quant1t1at1vely, a sbIOftened account of
an analys\is omgmally gwen by 'N.- Morguhs, etal., is followed.
C.l, Barmm Production :
~ . a - e T & o ‘2, 1S N R
2 * . A common method Qf obtaining banum oxide is to decom- .
pose the carbonate Ba003» or aluminate BaO, CaG, Alp03. ‘The barium
. oxide reéacts withwarious activators to supply to the freé barium. The
barlu‘n pressure ¢an, be varied 51gp1f1cantly by the proper choice of acti-
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vators. With tungsten, for example, the following rcaction occurs

6 BaO + W = Ba,W06+3Ba

with @ vapor pressure of the order of 10°7 Torr at 1250°K.

The barium pressure in the reaction chamber can be adjusted over
4 wide range of pressures, from 10-10 t6 10-3 Torr, depending upon the
activator used. This is important since the barium flow rate to the surface
depends directly upon the barium pressure.

2. Barium Transport to the Surface

With barium vapor pressures of generally less than 1 Torr
and with pore diameters of the order of 1 to 10 p, diffusion through the
charne]l which connects reaction chamber and surface can be expected to be
Knudsen flow. In this regime, barium atoms fly straight from wall to wall,
are absorbed upon impact, and reevaporated after a finite lifetime T4.
While adsorbed, the barium atoms travel a distance

s = /D Ts

S

where Dg is the surface migration ccefficient. Since the travel distance

in the evaporated state per free flight is of the order of the channel diameter
d, 1t can be concluded that if s is comparable tc d, surface migration be-
comes an important contributor to the total barium ﬁow. Irn fact, since the
Knudsen flow component disperses into vacuum at the open end of the channel
and therefore constitutes a complete loss, the channels must have such di-
mensions that

A

d4 = /DT

8 8 , A Yy

so that barium can be utilized efficiently. The rate no/{t wh1ch barium is
transported along the channel walls is determined by tie surface diffusion
equat;on 4 . . 4 , .
. % .
_ do \'/ T
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-where 0 is the surface coverage. - The latter is _ee?.‘a,,‘t"ed to.the rate & of

evaporation from the surface by
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Here the thermal velocity Vy, can be expressed as

1/2
v 8 kT)

th

If the above expressions are introduced into the equation for the flow rate,
one obtains

mdD T
s S

sl

[0

(2rmkT) /2

Finally, if n, is assumed to be constant throughout the length £ of the
channel and if the pressure at the open end is negligible, the flow rate
can be expressed as

mdD 71
s s

(2rmkT) 1%

where p is the vapor pressure in the reaction chamber. The last equation
thus yields the flow rate n, of barium to the surface, once the barium
pressure is known.

3. Dispersion of Barium Over the Surface

Upon reaching the open end of the channel, barium migrates
radially oytward and spreads over a circular area. The migration over the
surface is governed by the same basic rules as that along the channel walls,
except that at the surface barium gradually vanishes through various loss
processes, the most important of which are evaporation and sputtering. The
effective surface lifetime for these processes can be expressed as

“

l. = -,‘”;!'.. + _....1
° T T T .
E sp S
53 2 .
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Usmg T, the flow balance in, steady state for banum in a c1rcu1ar surface
element can be expressed as > ‘ :
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which leads to

do .1 a1,
;1.-2 r dr DST_

With the boundary conditions n = ng for r =d/2and n=0 forr =,
one obtains

K r
n =n o( T)
(o]

T
K (o]
°\/D

8

This relation determines the size of the surface area covered by barium.
In order to insure that the surface is covered more or less uniformly, for
uniform electron emission, neighboring pores must be spaced less than
approximately '

This last condition is considered critically important to the design of im-
pregnated type emitters with long life under ion bombardment. To deter-
mine the required inter-pore distance numerically, the surface migration
constant Dg and the effective lifetime T ‘must be known. Both quantities
have been measured under conditions which are more or less applicable to
impregnated cathodés. The migration constant Dg is known for monolayer
films of barium on clean tungsten surfaces. 15 (Actually, it is presumed

" that impregnated cathode surfaces are covered partially with oxygen.)

‘According to these mea surements, Dg can‘be represented by

‘ T v kT <°. T
X D, =De X "o ..
. i e ' 8 P - . . ’;;
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. owith Dw2 1 cm™/se¢ and Q.2 1.8 eV. Thus, at 1250 K, o
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The lifetime Ty (for evaporation alone) has been found to be a more

complicated function of temperature.

coverage.

Table 1 gives lifetiines Tg for
Also presented is the

a current density of 5 mA/cm2 and the estimated lifetime under sputtering
by argon and mercury ions of 40 eV at 5 mA/cm*.

TABLE I

Lifetimes (sec) of Barium Atoms on Tungsten

Surfaces at 1250°K

It depends substantially upon surface
Furthermore, it differs by many orders of magnitude for mono-
layers and multilayers (bulk material).
various fractional coverages and for bulk material.
lifetime under sputtering of a monolayer of barium by argon ions of 50 eV &t

Evaporation Sputtering, 5 mA/cmZ
F ractional Argon Ions Hg+
Monolayer Bulk
0.6 0.8 50 eV 40 eV extrapolated
ax10® | 2x10% | 7x107® 107! 1 4

(/

First, because of the extremely high rate of evaporation from a
multilayer (bulk), the barium film must shrink to monolayer thickness

within a-very short distance from the pores.

Hence, one can draw the im-

poriant conclusion that an increased rate of barium supply.to the surface

helps to increase surface coverage only up to the point where a full mono-
layer spreads over the surface from each pore opening.

If baritim is

supplied at rates which exceed the carrymg capability of a monolayer, it

will be wasted.

.

“

Furthermore, Table ‘I shows that the relatively long lifetime TE
for evaporation alone is shortened by seyeral orders of°magn1tude under”
ion bombardment of ‘an intensity wh1ch occurs in bembardment ion engines.

amounts to 2 x'1
strate.

o

. Thus, the distance A must be extremeély short.
. equation, the dis

According to the above

l?ance between pores should be not larger than’ 4, which
cm at a temperature of 1250°K with tungsten as.sub:

Jo

This drstance obv1ously 1s close to the practrcal 11m1t. L

N . N 1 e

ce migration rate’ _Dg. From

past.experience, it appea.rs that the hfenm\e\\'rs under ion ;mpact should *

“not vary’ s1gmf1cantly.
' d1stance A .

Hence, mcreased tem ra,ture should increase the

N
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The strmgent requirement for: pore spacmg could be relaxed some- .
what by operatfon ata hlgher cathode temperature.. It éan be exﬂected that
an inc¥ease in T also: mcreases the sur
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. large quannties of barium from i ssurface (order.of 1 g/crh® in 10, 000

[

.. of4x 106 partlcles/s c). 'I‘lus high flow rate-requires a relatively high
- . vapor pressure (order of 10-2 Torr) ‘which can be provided only by high tem-" \
« perature: and the most aeﬁvp barium sourc¢es. Thias analys;,s m:du:ates that A\

To complete the description of the cathode model, the following
must be computed: (1) flow rate n, per channel, (2) pressure in the react-
ion chamber required to produce this flow rate, and finally, from the total
flow rate through all pores, (3) the amount of barium required during a life-
time of 10, 000 hours.

For simplicity, let it be assumed that each pore supplies a square
of area A% with barium. The rate n_ at which material is sputtered from

s
this layer and must be replenished is

2
_ A
ng = ¢ N
sp
where N_ = 4 x 10 /cm2 is the number of barium atoms per unit area in a

full monolayer Using the numbers derived above for A and Tsp (= 7), one
obtains ng ¥ 4 x 10° particles/sec.

This amocunt of barium must be delivered under pressure p through
a single pore of diameter d and length 4. Using an equatlon derived ear-
lier, one obtains for p

1/2
(2rmkT) in
.mdD_T
, s s
Under the assumptlon that d 2 5 x 10 -5 cm and 4 = 1 cm, the pressure 7

becomes p = 10-2 Torr. Thus, an activator that generates barium copi-
ously is required..- ‘

Fmally, the total amount of barium consumed per square cent1meter
during a lifetime of 10% hours can be de rmmed from ng Z t, where 'z is
the number of pores/c:mz (z 22.5x 107 Tem ), and t the totdl time
(t=3.6x 107 sec). One obtains a total of 3.5 x 10 21 atomg, or approximately
0.8 g of barium. Obviously, this is close to the limit which-¢an be stored ' ,
within a matrix, Therefore, it may be-necessary to attach a régg,,;‘ﬁou;_ to the

- ) " v B ’ . - \\»0
4, . B} Summarz i L :

The- unpregnated cathode underumn bombardment must loéx R

hours):. . Cordtingous full covera% of the surface with banum requires close \
spacing of the pdres (on theé ordér of 2 x 10-4 ¢cm or a pore density on the
order of 10 jcmz) 1d 3 high flow rate through the-individual pores (order,
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the commercially available impregnated cathodes, with a pore density the
order of 10°/cmé, wiil not provide sufficient barium flow to the emitting
surface. The fine gral%(z 8 x 10-4 cm) spherical powder at the HRL with
a pore density of 8 x 10 /em? will provide only a marginal barium coverage.

D. Encapsulated Powder Cathode

Another technique for obtaining adequate BaO storage with low oxide
coating resistance is to encapsulate the individual particles of cathode pow-
der with a thin layer of nickel and to apply a heavy coating of this material
to a cathode base. The nickel encapsulate is to provide the low resistance
paths for the emitted current. Alsc, fusion of the nickel encapsulate should

minimize the oxide flaking problem that is present when emitting layer thick-

ness approaches several millimeters. Figure II-4 illustrates schematically
the difference between a standard oxide cathode and a nickel encapsulated
oxide cathode. Each of the carbonate particles is to be encapsulated with a
nickel layer. Co '

This nickel encapsulated cathode powder can serve as the emitting
layer for either the flower, disk, or cup cathodes. This cathode material
was developed especially for the thick (2 mm) emitting layers to be used
with the cup cathode. This cup cathode design, shown schematically in
Fig. II-5, provides a means of using an indirectly heated cathode with a

small emitting area, and adequate BaO storage without-resistive overheatmg.

This cup cathode is considered an extention of the disk cathode design, in
that the current and heat conhducting disks have been -replaced by the nickel
encapsulate on the cathode powder. - ~

Usmg the cup cathode as an. example, the advantage of the mckel
encapsuiated cathode powder is illustrated.. With 100 Q -cmil6 the. resistivity
of ordinary barium oxide and the cup,cathodé foating thickness:of 2mm, an
oxide. coatmg resistdnce per unit arda of 20 Q’-cmz would result. For maxi-

‘mum emission density on the order of 1 A/emz, the ‘power generated would

be 20 W/cm? and cathode overheating. cledrly would exist, since the cathode
Jpower density radiated is only about 4 W’/cm For a nickel encapsulate on
the cathode pawder of only 1‘7y by Welgnt, but prov1d1ng continueus current
paths, the cathode coatirig resistance would dro %10w -0.1Q- cmz. ~The.
resulting power densny generated ﬁy 0.1 W/cm is well’ below the power
density radiated (4 W/cm2); theréfore, the.cathode overheating problem is -
_eliminated. The nickel coa.t1ng thxckness of 0.05 u'on each powder particle-
is, snff1c1ent1y thin that the -B& can diffuse to the" ‘surface; therefore, this

a

= b
mckel coatmg does not mterferre w1th the activat:on mecha,mst;a.ra - .
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STANDARD NICKEL . '
. ENCAPSULATED ‘ S

| Fig. II-4. Standard oxide coating and mickel
encapsulated oxide coating. SR e . T
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powder to a thickness of approximately 0.2 and 0.4 rmom, performed satis-
factorily in an operating thrustor for a period in excess of 1000 hours. This
coating thickness is calculated to provide sufficiunt emittering material to
withstand the mercury ion bombardment for 10,000 hours. This cathode re-
mained 1n active emitter during the 1000 hour test, even though it was exposed
to air during the repair of the feed system. Although the somew at unreliabie
weight measurements indicate a 30% loss of coating weight for the 1000 hour
test, visual inspection after test shows negligible ion erosion of the encapsu-
lated oxide coating.

A previously discussed, the cup cathode using a 2 mm thick coating
of encapsulated cathode powder cAn be considered an extension of the disk
cathode design. The nickel coating on the powder serves as the ccnducting
medium for the emission current and radiated heat. This encapsulated pow-
dexr-cup cathode remains as a possible candidate for a 10, 000 hour cathode,
although it failed in its first test as a result of a heater failure. A larger
heater area in relation to the electron emitting area and additional nickel en -
capsulate on the cathode powder for oxide iayers as thick as 2 MM would be
required for additional tests of this cathode design.

A description and the performance of each cathode is sumnarized
in Table III. A more detailed discussicn of the test results for each cathode
is contained in the paragraphs that follow. The cathode temperature-heater
power relationship and the emission current obtainable at the operating tem-
perature are basic performance characteristics.. The normal operating and
activation tcmperatures for the oxide coated cathodes are 850 and 1000°C Br.,
respectiv::ly. The normal operating and activation temperatures for the im-
pregnated cathodes are 1050 and 1150°C Br. The deviations shown from the
normal operation temperatures (see Table III) resulted from (1) difficulty in
maintaining an.active emitting surface, (2) change in temperature-power re-
lationship by cathode darkenmg, and (3) measuring the cathode temperature
by its reflection from a mirror (for example, see Flower Cathode No, 22).
Normally, the cathodes were eva.luated at a fvel utilization (mercury ﬂow)
of about 85%. In some cases, e.g., with the impregnated cathodes, an ab
normally high mercury flow was required to maintain an arc current. Tests
cond:cted with abnormally high flow or poor fuel utilization are noted in the
text. '

B. °  Methods of Estimating Cathode Life

Cathode life estimates reported here will be differént’irom some of. -
the estirnates reported earlier in the Monthly Progress Lettérs. -Therefore,
the different methods of estimating cathode life should be explained. Initially,
the cathode assembly weights, including shields, insulators, leads, etc.,
before and after test were used to calculate the cathode coating loss. Nickel
sputtergd from the shields, deposits on the insulators, and the large ratio of
assembly to coating weight contributéd to inaccurate life estimates. In addit-
ion, water absorption to form barium hydroxide “ad hydrate after exposure to

.air led to false life estimates. 'In the latter part ‘of the program, the method
. _ of determining the coating less, was asfollows. A sample of the cvated mesh,

not subjected to ion bgmbardment, was processes to remove the binder and CO; ’
and was allowed to absorb water. The welght change of th»:s sample was com-
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Summary of Cathode Des:

Cathoude Intsal
Thruster Chanmber Mercury
. Teat Objectnne Mameter, Prewsure, Flow, Heating . Heating
Type D';:;K" 5;""""“1 i Torr mA Pow.r. Te ""?(';Tag:“‘- poa‘.r.
N
Flower 1 | Mean re temperature - 5% 107" 62 $00 90
power characteristie s
Flower 2 2 | 200 hour trte tent 10 ST 230 85 890 15
Flower 2 3
blower 2 4 | 200 hour Lite test 10 ~107* ~200 i 36
Flowe~ 2 5 | 200 hour bife teat 10 ~107" 175 60 L
Flower 6 | 1000 hour e teat 10 ~10°° ~200 25 750 50
Flower 2 Tto 10] 20 cm thruster evaluation 20
and 12 ] and study of cathode pri.-
tecting gride
Flower 3 t
Flower 3 13 | 1000 hour life test 10 <j0-® 150 35 840 55
Flower 2 i14-161 Delivered to NASA-Lewss
Research Center
Flower 2 17
Disk 1 ) 200 hour hife test 15 107 - 4070 370 50 790 52
Flower 2 18 200 hour life test of Na 15 107 -~ 0.1 ~200 70 800 70
coated BaCO,
Disk 1 ! Continuation of disk 15 1077 - 1078 600 70 800 180
cathode life test
Disk 1 2
lcmll”eﬂnated 2 | 200 hour life test 15 1077 21074 ~200 100 1090 170
¥
émrexmted 3 200 bour life test 15 10”' ~200 130 1100 234
y
Impregnated 1 ] 200 heur life teat 10”7 ~900 210 1130 250
Hole = i
Disk 2 3 | 209 hour tife teat 15 10% - 10°%| ~250 nr 890 180
Diek 2 4 | 200 hour 1ife test 15 107 - 107®] ~250 . | 80 ~700 150
D
Fiower 4 19 | Measure cathode voltage- b
current and temperature- N
_ - | power characteristics N
Flower 4A 20 ] Measure thruster 15 ;
&21 performance
Flower o 4A 24" | 500 hour 1ife test 15 1077 300 72 820 1z
Flower 4B 22 | 1000 - 3000 hour life test 18 1077 300 50 ~140 " 58
AN - “
o
Flower, A 25 | Backup for 500 life tost ) . o
Flowet © a1 26 | 500 hour 1fe test T w0’ | 00 50 a0 | a2
Cup i 3 | 200 hour 1ife test L 10”7 ~200 39 890 1]

o .
Note 1. ~ The mesh of the Design ¢ flowsr cathode was wound into a spiral shape (Fig. 111-18).

Note 2 -
o

Flowor cathode Nos. 18, 22, 23, and 26; and cup cathode No. 1 were coated with the nlzlxel ancipoulatcd cathode powder,
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cription and Performance

Final Initsal Final
- Tent Projected
Temperature. Arc Arc Heating Power, Arc Are D:l'ralmn. Cause of End of Test :’2::;,!
% Br Volrage, | Cuarrent, Arc Curremt Voltage, | Current, soure
A A W/A v A
KDO 114 Teat completed
840 30-40 2-3 28 30-40 2-3 192 Hg supply “xhausted 2,500
Not tested ~ damaged in
final fabrication si.je
20 [ 3 40 [ 92 To install improved i1on 1,200
collector
40 2 30 40 2 200 Test completed 1, 450
“< 900 40 2 13 40 835 Cathode open circuit — >3, 000
improperly applied voltage ’
<10 for each | Test complete
cathode
Not tested — coating thick-
' ness modified at this point
(Bee text) , :
<900 40 12 29 40 16 945 Cathode open circuit 10, 000
Not yet tested
760 40 4 i3 40 4 324 ~10, 000
su0 50 18 18 50 el 317 Cathode open circhit —
. high chamber pressure
~950 20-60 4-1 20-60 4-1 440 Lack of cathade 10, 060
activation %
Not tested (sec text) \
1200 20-100 4-0.1 97 Heater open circuit — '
high chamber pressure
~1240 45 0-8 - 40 i.8 560 " Heater open circuit —
icy® tomplete
1235 50 0-2 50 0-2 70 Heater open circuit
B}
1000 40 1.75 67 40 1.5-0 260 Test complete — high
3 - chamber pressure
870 40 1.6 50 40 1.6 190 Test clinplete — W/A
4 ren}uitcmant too high
) . Tdat complete
; .
o ’ “
o .
~ 10 each Test complete
0 v C ~
N o y A .
960 36 2.3 3 36 2.3 2307 To replace power supply ~10, 000
) g 4 transformes.
~170 40 1.7 34 40 2.0 ‘44‘4 Test complete > 3,000
»
] Not tested .
- " ' o = " ”
) . Not tested
. « . : R
(~_{»9|o 36° 2.3 ° 36 73 270 Test complete ° ~10, 000
1080 4 | 10 39, - 45 ~ 67 Heater open circuit
- v z 9
" \, ¢ - -
- 18]
o
v ’ L]
- o v, 7 C.
. J { )
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pared with the weight change of a coated sample subjected to ion bombardment.
The difference in coating weight changes between thc two samples represented
the loss of useful oxide resulting from ion bombardment. The loss due to ion
bornbardment was ur d in estimating the oxide coating life,

The procedure for determining weights of binder, CO;, and water ab-
sorbed is as follows. The binder is eliminated by baking in air at 250°0C,
Weight losses resulting from this bakeout, from a group of 4 samples, ranged
from 6.7 to 12.2%, with an average loss of 7.4%. For another group of 3 sam-
ples, the loss ranged from 3.4 to 4. 1%, with an average of 3. 7%. McNairl8
measured a 5.1% binder loss for a trip'> carbonate sprayed to a density of
2 g/crnz. The CO) was removed firrom the carbonates by heating in vacuum at
1000°C. The average loss of CO2 measured 22.2% for the first group of sam-
ples and 24.1% for the second group. The deviation of the individual samples
from the group average was less than 5% except for one sample. The calcu-
lated or theoretical weight loss for CO; is 25.3%. From these results, it
appears that a reasonably accurate and consistent measure of the CO) loss was
obtained. Water absorption was determined after CO, and binder removal by
measuring the sample weight as a function of time after exposure to air. The
first weight measurement was made as soon as possible after removal from the
vacuum system, '.'.hin ! to 3 min. The second weight was taken a few minutes
later, and the recw..tiry weight difference served as the first calculated weight
gain. Thus the weight gain during the time from exposure to the first weighing,
was not included as water absorbed, but dis subtract from the CO, loss. This
method of determining the weight gain due to water absorption, with the inac-
curacy resulting from the lack of a weight measurement before exposure to
air, was used to avoid the complexity of making weight measurements within
. the vacuum system. The weight gain or water absorbed as a function of time
is shown in Fig. III-1 for the mesh from three flower cathodes, Nos. 6, 18,
and 24. The coating for cathodes No. 6 and 24 was the triple carbonate spray-
ed at 10 and 20 mg/cm?, respectively. The coating for cathode No. 18 was
nickel coated barium carbonate sprayed at 20 mg/cmz. Assuming water is
absorbed until an alkaline earth hydroxide-hydrate (e.g., Ba (OH),; x H0) was
formed, the weight gain due to water absorption amounts to 21. 5%. As shown
in Fig. IlI-1, the measured weight gain due to water absorption ranged from
about 12 to 35%. This large range of measured water absorption is not unex- .
pected since Haas and Jensenl9 measured one to five water molecules absor-
bed per oxide molecule, depending upon humidity and temperature. The large
range of values for binder loss and water absoiptions contributes to inaccurate
- life estimates. In other words, the uncertain weight changes by the binder and
water cannot be distinguished from the loss of oxide coating by mercury ion
sputtering. Although the life estimates.are not as accurate as desired, the
last column of Table III lists the projected life, based on these weight meas-

urements, for a number of cathiodes tested. g o
C. Flower Cathodes (with sta“ndard coating)_

Flower cathode No.. 1, design 1, was used to measure voltage-cugrent
"and termperature-power characteristics and to establish'whether or not the meth-
ods of supporting the mesh; lead attachment, lead insulation shiélding, etc.,
were satisfactory. The valtage-current and temperature-power’ relatlonslups .
“were measured andoﬂns cathode was maintamed at operatmn temperature, ’
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§ cussed in Section IV.

800°C Br or above, for 113 hours. A change in the temperature-power char-
acteristic with time was measured. The hi; er power needed for a given

tem perature was assumed to hav esulted from tne darkening with time,
which led to an increased radiatiou emissivity., This cathode was tested in a
demountable oil diffusion vacuum system. The blackening was caused by a
carbon deposit on the emitting surface. The emitting material was analyzed
spectrographically after test and was found to contain 6.1% carbon, 33.5%
barium, and 60% strontium. The performance of this cathode was considered
satisfactory. The test was termirated after 113 hours to release the test set-
up for other use.

Flower cathode No. 2, 'design 2, was fabricated for the first 200 hour
test. The design change made increased the spacing between folds of the mesh
to insure against short circuits. The standard triple carbonate (57% BaCOg,
39% SrCO3, and 4% CaCO3) with a lucite binder_ was used. The coating thick-
ness and weight were 0.012 in. and 27.9 mg/cm%, respectively. The appear-
ance of the coated mesh is shown by the photomicrograph of Fig. III-2. This
cathode was installed in a 10 cm diameter thrustor and tested in a ft vacuum
chamber. The voltage-current and temperature-power characteristics of the
design 2 cathodes were only slightly different from those of design 1 (see Figs.
III-3 and LII-4). ' Cathode power, arc current, and arc voltage are shown as a
function of time in Fig. III-5. A.cathode power of 85 W was used initially;
toward the end of test, it had to be raised to approximately 115 W, The' initial
and final heatidg power to emitted-current ratios were 28 and 58 W/A, re-
spectively. The arc was maintiined at approrimately 2 to 3 A and 30 to 40 V.
The test was terminated after 192 hours of arc time and 42 hours of mercury
ion beam time when the mercury supply became exhausted (the mercury res-
ervoir contained a change calculated for a 200 hour test.)

A photograph of the cathode after the test is shown in Fig. III-6. A A
large portion of the emitting coating ou the top edge of the mesh has been sput-
tered away. Two small spheres of nickel are’on the tcp-edge of the mesh.

These spheres were created by an arc concentration on a small area, which

melted the mckel. This arc concentration, or concentration of emission within (

a small area, was thought to be caused by resistive heating in the oxide coating
by the emitted current. '(In order to solve this problem, the coating thickness
of the following cathodes was reduced considerably.) In addition,.the coating °
was blackened as can be seen from Fig. Ill-6. Spectroscopic analysis of the
coating shows its major constituents to be 6% carbon, 36% barmm, and 57%
strontium. The presence of a significant amount of carbon stressed the need

- for an improved vacuum system. Accordmgly, a new cryosystem was installed

in the 2 ft chamber. A separate, ultraclean vacuum system was also developed
which uses sublimation and’ ion pumpe only.’ These vacuutn facilities are d1s-

L

The ant1c1pated life of th1s ‘catliode was stlmated to Be 2500 hours usmg

) ”th'e cathode weight measurements before a,nd a.fter the lc92 hour test, as pre-
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flaking problern, which resulted in loss of control over the arc current.
- Therefore, cathode No. 6 was sprayced with a coating weight of only
4 : 10 mg/cmé. This cathode was mounted in a 10 c¢m thrustor and life tested
for 835 hours in the 2 ft. vacuum chamber. A mercury ion beam current
of approximately 130 mA was drawn for over 100 hours. The 1nitial cathode
power was 25 W, increasing to 50 W near the end of the test. The voltage-
current and power-temperature characteristics of this cathode design are
. shown in Figs. HI-7 and III-8. The arc voltage and current were 40 V and
- 2 A throughout most of the 835 hours. This test exceeded the normal 200
oo hour test fo. the purpose of improving the accuracy of the anticipated life
estimates. The test was terminated after 835 hours because of damage in-

ff’f' flicted on the cathnde during repair of a power supply. Line voltage became
j‘é : accidentally connected acress the cathode, melting a portion of the mesh

sk and shields. As a result, weight measurement of the total cathode assem-
G bly after test was meaningless. A portion of the undamaged mesh was re-
H moved from the cathode, and the coating weight remaining after test was

-1 compared with that of an unused portion of the same mesh. This unused

& coated mesh was an excess portion of the mesh used in the fabrication of
cathode No. 6. The unused mesh was fired to remove binder and COp, and
9 water was absorbed so the coating weights of the unused and tested mesh
Q , were comparable. The original coating weight of 10 mg/cmé was reduced
8

to 8.55 mg/cm2 after removal c¢f binder and CO, anc after water absorgtion.
The coating weight after test was 6.25 mg/cm?.” A loss of 2.30 mg/c¢m
could be attributed to 1on bombardment during this 835 hour life test, re-
sulting 1n a projected li1fe of over 3000 hours. However, some coating was
lost as the tested mesh was removed from the cathod= and, therefore, life

. considerably in excess of 3000 hours could be expected.

. Cathodes No. 7 through 10 and No. 12 were all of design Z These
a GdthOdOS were installed in 20 ¢cm diameter thrustors and tested in the 9 ft.
vacium chamber. These tests were conducted for the purpose of studying
various aspects of 20 ¢m thrustor performance and they lasted for only
several hours. One obJectwe of these tests was to determine the ut111ty of
o grids for shielding against ion bnmbardment, The grlds were placed in
: . front of the cathnde and consisted of two types: (I) 178 in.. diameter holes
s o  spaced so that 33% open area, resulted in a 0.030 in. thick plate, and (2) a

. honeycomb 1/4in. by 1/4 in. ‘and 1/4 in. thick. The required arc current
for reasonable arc voltages (less than 100 V) ¢’ '1d not be obtamed with
. / either of thesr gnds. ' . ;
. i / . 4 . . .
- . Gathode No. 11 was of des1gn 3.. This cathode was completed with a

coating welghmo 1¢ mg! /cm2l- On the basxs of the test results for cathode -
" No. 6, obtained during construction of Cathode No. 11, it was concluded-
.- ~ that addiuonal ‘zoating was needed to obtain 10, 000‘,h0ur lifetimes. It was = . ..
* *vee, .  thus decided to coat fiture cathodes with a stacked multlthlckness coatmg '
" .Cathode No: "11 wag set aside untesied. N E ,

o

\ <
n AN
.4, -

T o C..thode No. 13, ‘of, des1gn 3, was’ goated on the top third of the»meSh L&
AL . with: 40 mg/ cm? ; the middle t‘urql was coatéd 20 mg /cmz and the.bottom third’
3 “U with 30 ‘xhg/unz . Figure LI-9 is photogra.ph of thw multtthxc?f\;ess ‘coated

. . - -
o *~"* mesh. The eathod& was. mstalled ina 10 cm thrustor and tested jn the. 2 ft. . -
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Jacuum chamber. A mercury ion beam current of approximately 125 mA
was maintained for 846 hours, and an arc current and voltage of about 1.2 A
and 40 V were maintained for 915 hours. The cathode was at operating
temperature for 945 hours. This test was scheduled for 1000 hours, but
terminated short of this goal because of an open circuit in the cathode mesh.
Figure III-10 shows this cathode assembly after test. The open circuit is
shown in the upper left portion of the Fig. III-10. Figure III-1]1 shows the

[ effect of the ion bombardment. Several of the nickel wires are croded away
| at the top of the mesh; some of the coating missing at the bottom of the mesh
was lost in removing and straightening the mesh. Figure III-12 is a photo-
micrograph showing a portion of the mesh. At the top, the nickel wires are
eroded away. Farther down, the oxide coating is sputtered from the ‘wires,
still farther down the oxide coating is covered with u layer of nickel, and at
the bottum the uxide coating is unaffected. Figure III-13 is a greatly en-
larged view of the nickel wire which clearly shows the deposited nickel on
the oxide coating.

e T

The original calculation of coating lost from cathode No 13 during
test was 10.1%, as reported in the Monthly Progress Letter. However, the
present coating weight measurements, taken by stripping a tested and un-

“ tested portion of mesh, including the expected changes.due to binder and
CO; loss and water absorption, show a 1.3% gain in'coating weight during
test. These measurements include the nickel deposited of the oxide coating

- as useful oxide. This deposited nickel is stripped from the mesh along with
the oxide coating. “Neither the 10.1% loss nor the 1.3% gain accurately repre-
sents the change in amount of useful oxide coating-during test. A precise
method of deterrnmmg the life on the basis of ceating weight changes has not
yet been developed. Even so, Figs. 1I-10, I11-11; and III-12 show most of
the’ coatmg remaining after this 945 hour test. On this basis; it 15 not un-
reasonable to expect a 10, 000 hour life for the oxide coatmg

. While the effects of the mercury ibn sputtermg upon “cathode No, 13
‘were €8 sentxalLy as expected theopen circuit or fa11urg of the nickel wire _

Y ¢’is not. con‘ipletely understoed. The’ ends of the nickel wire at the open cir-
cuit are shown in Fig. III-14, _and the wires appear to be brokéngrather than
melted.  Figure II1-15 compares the surface -of the wires befofe and after -~
Toe oL s test, After test,. smoothnegs .bof tl;e surfice is lost. Figure Iil-16 shows *
' ° 7 the 'grair stru:cture before 4nd after test.. ;The grain Btructure does ngt .
R "appear significantly altered. T‘he rr;ckel used in all cathodes to this pdint
¢, . . .was Internatfonal Nickell€o,” Alloy 200, . 7 ubsequent cathodes, No. 14 to 26,
©..o 7 v ,-wete made Using Supenor -Tivbe CQ- “Aliby A33.. This alloy contains 2% ~ . .-
- tungsten and. haif}%ﬁsxle%trength twice' that of Alloy 200 at opefratmg. tem- ,
v - -peratire. ‘In addition,, all ca‘thodeﬁ subgequent to No, 12 were fabricated °© .
G v ,' . With 0 909 m.n d}a’metenwfre instéad of 0, 0045 in. 'diameter w1re. oL
w o C © u.aa' ° 'c°§“~.
ST Cathqﬁes No. 14 through 1%, were fyﬁricatedaus‘iﬁg design 2.and- -
IR sprayesi“ with;, mult1th1cknes?§ coatings of 10, . 26; ahd 30:mg /m‘x'xi “The firet"
T "thrée-of th,ese cathodea, were sent to NASA- Liewis. Rea%arch ?Jen‘t,gr as part
“ e, of"the contzact eommitment. “Life tevting of cathode NU. .,1'7 wag d:'p'ferred /
”:'“’g - 209, sin drder fd ev&f’qate ‘bthﬂr;cag"hode designs. T o L
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Performance characteristics of the design 2 and 3 flower cathodes
in 10 cm thrustors are shown in Fig. III-17 by the plots of mercury arc
discharge current as a function of arc voltage. The dashed portion of
curve (a) shows that the arc extinguishes at approximately 29 V. Although
the arc characteristics of the flower cathodes in the 10 cm thrustors varied
considerably depending on the cathode activity, cathode power, resistive
heating in the oxide coating, mercury flow rate, chamber pressure, etc.,
the curves of Fig. III-17 represent typical performance of active flower
cathodes. The magnet current was set at the lowest value obtainable without
decreasing arc current for the nominal arc voltage setting.

Flower Cathodes No, 19, 20, 21, 24,and 25

These cathodes were designed and fabricated for evaluation using a
Lewis Research Center thrustor, Hughes solar panel-power conditioning
equipment, and the Hughes 9 ft cryowall vacuum chamber. The heater
supply output was limited to 3.25 V and 50 A. Cathode No. 19, design 4,
was heated in a vacuum system for the purpose of establishing the voltage-
current and heater power-temperature characteristic;. The required
heater voltage was slightly greater than desired. Therefore, the design
was modified by a 10% decrease in cathode mesh length. This modified
cathode design was labeled design 4A. All remaining cathodes of this
series, Nos. 20, 21, 24, and' 25 were of design 4A. The dimensions of
these cathode des1gns are listed i Tablell. All of these cathodes were coated
with a triple carbonate multithicKuess layer of 10, 20, and 30 mg/cm&.
Fig. III-18 is a photograph of one of the design 4 cathodes, before test.
Cathodes No. 20 and 21 were tested for less chan 10 hours each. The pur-
pose of these tests was to establish thrustor and power conditioning per-
formance. Life test of this series of cathodes was initiated with cathode
No. 24. Cathode voltage-current and power-temperature characteristics
for design 4A cathodes are shown in Figs. III-19 and III-20. The two
curves of Fig. III-20 aré for cathodes Nos. 20 and 24. This shown spread

- in tathode temperature for a given heater power was caused by the varying”

degrees of cathode darkening. ‘ 8

Life testing of cathode No. 24 was performed with the thrustor oper-
ating pararneters set as follows:

k7l

accel voltage = 3.5 kW .
" decel voltage = 2.5 kV S ' Y
- beam current = 250 mA : ‘ - s ,
arc voltage #-36V ’
arc current = 2.3 A
mercury flow = 300 mA

"
@
o

The power cond1t1omng equ:pmeut was set.to mcrea.se cathode/power to main- «
,tain’a constant beam current. ;The re’sultmg 'variation of catlbde power and ‘
' temperature with life is shownr in Fig. IIr=21, Life testmg‘*of cathode No. 24
was terminated after 230 hours. This cathode test was terminated due to its
exposure to the atmosphere. This exﬁosure was necessary to replace dam-
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nged filament trangformers withinthe vacuum chamber. Upon removal of
this cathode from the thrustor, it was noted that the oxide coating was dis-
.colored, indicating a carbon deposit. -Chemical analysis of'the oxide coating
indicated that its composition was at Jeast 3% rarbon. This carbon deposit
undoubtedly was responsible for the increasing cathode thermal emissivity,
thereby requiring an increasing heater power witn life. Also, the carbon
coating prokably coniributes to decreased cathode emission, thereby re-
quiring an increased cathode temperature. (See Fig, 1II-21.) The carboun
deposit on the cathode was a result, in part, of 2 layer of diffusion pump oil
in the bottom of the 9 ft ckamber. This oil had accumulated due to ba’ck
streaming. This oil film was removed in order to improve catiode perfor-
mance during the next test. The test was then resumed and successfully
compieted with cathode No. 26. Because this cathode bad an encapsulated
powder coating, it will be reported further on, in Sgction III-F. , . b

/ U
3

Cathode No. 25 was fabricated as a back-up for c/thode No. 24.
Cathode No. 26 was used for continuation of these tests, therefore, cathode
No. 25 was not needed; hence, it has not been life tested.

D. Disk Cathodes =
Disk Cathode Nos. 1} and 2.,

: The disk cathode was the second type of cathode to be evaluated under
th, s contract. This cathode design was to maintain the advantage of the flower
cathodes, e.g., the low work function of an oxide ccated nickeél surface, yet.
ptlovide greater storage of emitting material and increased reliability with an
indirect heater. This cathode contained 50 nickel disks (0.0005 in. thick)
coated with a triple carbonate layer of 10 mg/cm2, This provided a storage
of about 7 gm of emitting material. This cathode ready for installation in a
!5 cm simulated thrustor, is shown"in Fig. III-22. This cathode-thrustor
combination was tested in the mercury vacuum station, This test lasted -

324 hours for the cathode; the arc was burning during 267 hours. The initial
and final catliode temperature-power relationships are shown in F1g 1II1-23.
Heater power, ‘mercury flow/rate, arc current and voltage, and magnetic
ﬁeld weré varied through th/{s life test. However, the nominal values for

- these parameters were hedter power equal to 52W, ‘mercury flow rate of 370
mA arc current of 4 A at an arc voltage of 40 V, ana a magnetic field of

0
- <

TR The performance of the disk cathode in the simulated thrustor is v

best“shown by plotting the test data ag described below. Figure NII-24 shows -
the arc voltage as a function of cathode temperatyre for a fixed arc current,
merc,ury flow rate, and magnéuc field. The catliode temperature plotted on
the abscissa is that. temperatiﬁre resulting from/ e heater power settmg v

only, that is, the héater power remains constart for each data point and deter- e

mes the cathode temperatyre’ ?&nted‘“ As th arc voltage i8 increased ,
c power obviously increases, and part of this ~
mcreased arc power is us ,d to’ heat‘the cathode.l The ;pqreased arc voltage -
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increases the Hg ion energy, and iun erosion of the emitting surface shorld
increase. Since the cathode emission level increases (or cathode tempera-
ture decreases) with increasing arc voltage, the cathode heating by the arc
power more significantly determines the emission level than does the in-
creased ion erosion. This cathode design appears to be quite resistant to
ion sputtering damage. Arc current as a function of arc voltage for fixed
mercury flow rate, cathode temperature, and magnetic field is shown in
Fig. II-25. Figure III-26 shows the arc voltage as a function of magnet
current for a.l other parameters fixed and Fig. III-27 shows the arc current
as a function of magnet current for all other parameters fixed. Finally,
Fig. III-28 shows the arc voltage as a function of mercury boiler tempera-
ture or mercury flow rate, again with all other parameters fixed. The cali-
hration of the mercury feed systern is shown in Fig. III-29.

The performance of the disk cathode in the 15 cm simulated thrustor
at the end of the 324 hour test was essentially the same as at the beginning.
The most significant change in this cathode during test was in appearance;
Fig, III-30 shows this cathode after test. The flaking of the coating was
caused partly by water absorption upon removal from the vacuum system:.
The black deposit covering most of the cathode is believed to be carbon
(this is based upon previous analysis of darkened cathode coatings). The
deposit on the vacuum envelop- (see¢ Fig.IvV.2 ) was spectrographically
analyzed and found to be 18% chromium, 10% nickel, and iron. Anode and
screen are made from 304 stainless steel. Mercury ion sputtering of the
screen undoubtedly results in the deposit on the glass envelope.

Weight measurements of the cathode-heater assembly before and

. after test show a weight loss of 2.16 g. The expected loss from binder and

CO; is 2.2 g. Loss of nickel sputtered from the front cathode shield is
readily apparent from a comparison of Figs. III-22 and III-30. This loss
of n;'ckel could balance the gains resulting from water abscrption and

"earbon" deposition. It is concluded that the loss of ox1de coating due to
mercury ion spu.cermg is not mgmfxcant.

D1sk cathode No. 1 was subJected to a second test.” It was placed
in the fon-sublimation vagcuum chamber wh* h is free of [O-rings, greases,
andoils. Therefore, hydrocarbons shoulu not be present. The objectives
of these tests were (1) to determine to-what extent this cathode could be re-
activated after exXposure to the atmosphere, (2) to investigate removal of

. the blac k//coatmg by mercury ion sputtering and (3) to extend the life testing
of /the -heatet - cathodeuassembly. As c0mpared with the first test of this

c;,v.thode, a further increase of heater power is required for a given cathode-
témperature, as is shown in Fig. IlI-23. During this second test, the cath-

“ode never fully activated. The performance was charédcterized by operation

- at either low.arc voltage and high current (20 V and 4 A) or ‘high. &oltage and

low current (6{) V and’'l A), " Stable operation yt intermediate volthge and

.current could not be mamtamed The heater: ‘power ysed ranged ffom 70 to-

N 180 W., At low- heater power and high arc current, localized heatmg or white.
/., ‘spots coai‘d be. sbserved on thé cathode surface. ‘For.his second test, the

T cathode was mamtamed at operatmg temperature for 480 hra. and the arc -

e ,\.u - :’
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‘ Fig. III-30. Disk cathode No. 1 after 324
d . hour life test
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was on for 460 hours. Most of this arc time was accumulated at the low vol -
tage-high curreut mode of operation. The mercury flow rate averaged over
600 mA for this second test. The heater remained intact although a heater
power of 180 W was used for the last 300 hours of this test. The appearance
of the cathode after termination of this second test is shown in Fig. IIl1-31.
The weight loss for this 480 hour test was 0.56 g. The emissive coated disks
original weight was about 12.5 g. Even at this high loss rate of cathode ma-
terial, mainly by evaporation at localized overheated regions, sufficient
material remains for a life in excess of 10, 000 hours. The test was termi-
nated because no increase in cathode activity could be observed. Lack of
athode activation was a result of the slower erosion or ion sputtering of the
nickel disks as compared to the erosion of the emissive coating. The nickel
surfaces shield the fresh oxide coating from the plasma. To overcome this
difficulty, or to increase the erosion rate of the disks, a thinner nickel is
required.

Since disk cathode No. 2 was already fabricated with 0.0005 in. thick
disks, and since it was desired to test a cathode with thinner disks, this cath-
ode was set aside untested.

Disk Cathode No. 3

This cathode was fabricated using nickel foil as thin as 0.0002 in. and
50% transparent. The nickel disks for cathodes Nos. 1 and 2 were 0.0005 in.
thick solid foil. This factor five decrease in nickel content was for the purpose
of matching the erosion rates for the nickel and the oxide coating. Fig. IIl-32
shows this disk cathode. This cathode was used in a complete 15 cm thrustor
and was tested in the 2 ft cryowall vacuum chamber. The cathode temperature

. power relationship'is compared with that for other disk cathodes in Fig. III-33.

The increased heater power of 100 W- required for a temperature of 850°C Br,
as compared to 70 W for cathode No. 1, results in part from separation of the
disks. The thinner nickel disks deformed on heatmg and the lack of good con-
tact between disks results in a lower temperature for the top disk for a given

heater power. In the first portion of this lifé test, satisfactory thrustor per-

formance could be obtained and was as follows:

n
i

heater power = 50 W n v ,

arc voltage = .35V

arc current = 1.5A

acc voltage " = 6.0 kV

dec voltage ¥ = 0.5 kV .,

beam current . = 220 mA v e &
G mercury utg.hzatlon == 85%. ?‘ '

i )
©

For lo%ver accel voltages in the range of 4 to 4.5 kV, heater ‘power as h1gh as
140 to 150 W was required. Intermittent increases in chamber pressure to °
above 10-5 Torr were observed during this test. Aften, 260 hours of cathode
life, a heater power of 180 W was insufficient to maintain’a stable arc. A
vacuum/leak was found and eliminated by replacmg the O-ring’on the.thermo-.
‘couple feed through gort. The notable change in cathode appearance during o
test was the separatlon of dxaks . prevmusly descnbed. ; v ‘o

o
N . - e

° o ° ¢
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. 11t-34: The em1tt1ng region of/
{2 to 5 u pore size and appro

Disk Cathode N",;,ﬁ

This cathode wzs fabricated using a different technique in assembly
of the ¢isks. The disks were gstacked while %till wet with binder. Also, a
rickel ring was spot welded in position to prevent disk separation. This cath-
ode was installed in a complete thrustor and life testing commenced in the 2 ft
cryowall vacuum chamber. The cathode temperature-heater power relation-
ship is shown in Fig. III-33. Thne heater power required was greater than ex-
pected, again indicating disk separation. Life testing contmued for approxi-
mately 190 hours with a typical operating point as fellows:

\:\\

heater power = 150 W ;
arc yoltage - 40 V .
arc current = 1.6 A e
acc voltage = 5.0 kV. s

dec voltage = 1.0 kV '

beam current = 220 mA

mercury utilization = 85%. 5

Intermittent increases in chamber pressure were observed during this test
period. The test was terminated after 190 hours to replace the cathode with
a design requiring lower heater power. Upon cathode rernoval, separation of
the disks was confirmed. Thé chamber was made completely leak tight even-

tually by replacing a portion of the cryowall. /Further tests with'disk cathodes

were not attempted, however, because of the success experienced in the mean-
time with encapsulated coating on flower cathodes. Therefore, during the re-
maining period of the contract, effort wa.s concentratzd on cathodes with en-

capsulated coating.

b "

¢ j; ' :
E. ’Impreggnﬁed Cathodes - |/
[ Q :

NASA Lew1s Research lenter supplied, for evaluatwn in simulated
thrustors, impregnated cathodeg in two geometries: (1) cylindrical and (2)
hollow. These geometnes with/some outline dimensions are shown in Fig.
/these cathodes tunsist of porous tyngsten -
imately. 80% of theoretical tungsten denaxty) im-
pregnated with a barium-talgium alymipate.. The: emxttermg areas of the

» cylindrical and hoﬂow catho es are about 8.5 cm“‘a and 10 cm respectlvel'y'

- baking ths, ion- sublimatijgh chamber at 200°C for approxirhately 10 hours, . ..

temperature and if t?i ]

©

. 'I‘hree of these impregnated cathodes were tested two cylmdncal
and one hol}ow The actifation procedute for these cathodes consisted of

with the €athodes held at about 500°§ The ¢hamber-was cooléd to room’"

e mltimate system pré‘ssure of approximately .10~ Torr”™
‘was reached, activatign’ conﬁnu&d by’ increasing the, cathode- tempera,ture to
211509C. Ciathode. te&é ratiires Wwere measured with both. thermocoupte’s and

an optical’ pyru;m}ete r. The measured ca.tho&b tempet;ﬁ’ture -heater powe#:

0 "‘,Q\reqmrpments are shown A Fig. WM-35. o 0 e 00 u.,v :
o - , Lot e o . . ¥ w v ) oM ”
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Cylindrical Cathode No. 1 (Tungsten den.ity = 82%)

The mercury thrustor arc characteristic using this impregnated
cuthode was similar to that obtained with a poorly activated oxide cathode.
This is, an arc current of 4 A could be obtained a* 20 V or a fraction of an
ampere resulted for 100 V, but stable operation at intermediate values of
current and voltage was unattainable. With ncrinal values for the thrustor
operating parameters of magnetic field, cathode temperature. arc voltage
and mercury flow rate (Hg vapor pressure), the arc current was intermit-
tent with time. The t1ne variation of ar:c voltage, arc current and heater
power is shown in Fig. II1-36. From time equal to:]l to 3 hrs., and 37 to
41 hrs,, the arc voltage and current were 15 V and 4-8 A, respectively
which was typical of operation at high mercury vapor pressure, Tke arc
power supply can be set to be either current or voltage limited, for exam-
ple, in the period of 37 tc 41 hours, the arc current was limited to about
8 A and when this current was obtained the voltage automatically decreased
as is shown in Fig. III-36."

From time equal to 42 hrs. to end of test, the arc current variation
of Fig. III- 36 ocrurred with a normal mercury flow rate of about 200 mA.
These latter variations of arc current were not related to changes in test
conditions such as the heater power setting. For fixed test conditions, the
arc current periodically increased to several amperes and decayed to zero.
This beliavior indicates: that the cathode activity is periodically increased by
diffusion of barium to the cathode surface. With an agtive cathode, emis-
sion and ion formation r sult, the mercury ionsjthen sputter the barium from
the cathode surface wu:nm about 1/2 to 1 hr. and the emissions drop to zero
again. In attempts to'obtain continuous arc current, the heater power was
increased in steps to 170 ‘W, where heater failure occurred. This heater
failure occurred after 97 hrs. of life, The fallu}e consisted of a. melted’

heater lead as shown in Fig. III-37. A change in cathode v,elght or appea.r- R

ance due to ion sputtering is not evident. The small Welght change measured
is probably the result of vaporized material at thé v1c1mty of the melted
heater lead. During this test, a leakage current it lzhe ion pump (which was
used to monitor pressure) or a vacuum leak developed "To insure that this
type of cathode was properly evaluated, an ionization gauge was installed in
the ion- subhmatlon chamber and another cyhndnca.l ca.thode was tested..

i

o

Cylmdrlca.l Cathode 1[\1(:'U 2 (Tungsten density = 75%) - l_,”‘ f«"
¥ o
This cathode was a.ctlva.ted using the standaa:rd procedure as previ-
ously déscribed., The ionization gauge and ion pump indicated essentially
the same chamber pressure, and thig pressure remained at about 10-7 Torr,

. or below for most of this test perlod Initially, thé arc characteristics

using this cathode were similar to thpee observed with the first cylindrical
cathode. The recorded arc voltagé and current for,a portion of this test

" are shown in Fig. III-38. At ﬁrs‘t the onLy oﬁerauhn obtainable 'was at low
. arc voltage and high current with an excessivie mercury vapor pressures.

After about 45 hrs. of ‘cathode operation, an arc couvld be maintained at
about 1 A and 40 V, ‘The performance of'this cathode was improved corni-

e sxdera.bly over that for cylindrical-cathode No. 1, This performance is

presenteu by plotting arc current as a furiction. of arc voltage for various
values' of cathode temperature (Flg. 1i- 39)51 magnetlc f1e1d (Fxg. III 40),
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-. nickel disks similar to those of the disk . cathodes. These coated -disks were

atoatgprogmnately 1 M

and mercury tlow rate (Fig. 1II-41). The performance of this cathode
appears satisfactory except for the high hcater power required for rela-
tively low arc current. After 500 hrs. of life testing were completed, the
cathode temperature was increased slightly above 1100°C Br, in an attempt
to increase the arc current, and the heater failed. The heater failure con-
sisted of a melted oper. heater lead as occurred on cylindrical cathode No. 1.
The cathode weight or appearance did not change significantly during this

500 hr. test.

Hollow Cathode No. _1

This cathode geometry was devised to lessen the deleterious effects
of mercury ion sputtering of the emitting surface. The emitting surtace for
this cathode is partially shielded from ion bombardment. This cathode was
evaluated in a 15 cm simulated thrustor within the ion-sublimation vacuum
system. The previousl,r described standard activation procedure was fol-
iowed. As shown in Fig. 1II-42, the heater power requirement of 200 W for
an operating temperature of 1100°C Br results in an excessive watt per
ampere requirement. With this cathode, a stable arc at various voltages
and currents could not be maintained. The time variation of arc voltage
and current is shown in Fig. III-43. An arc could be obtained only with ex-
cessive cathode temperature (1200°C Br) and mercury flow rate (900 mA).
The test period was 70 hrs. The test was terminated as a result of heater
failure. Again, this failure consisted of a melted open heater lead. The
lead failed near its entrance gomt to the cathode body. Typical vacuum
. pressare during test was 10-/ Torr. After test, the appearance of the
cathode was normal. The poor performance of this cathode probably re-.
sults from lack of plasma sheath penetration within the hollow region.

Test Diode N
A test diode (Fig.. III- 44) was used during the life testing of disk

cathodes Nos. 3 and 4 and flower cathode No. 22.° This test diode was. for

the purpose of evaluatmg the environmental conditions within the 2 {t .

vacuum chamber. By monitoring the test.diode emission current, emissidén

poisoning phenomena affect'ng only the thrustor cathode could be separated

from podr vacuurn conditions affecting emission from both the thrustor and-

- tedt diode cathodes. ' The test diode used an indirectly heated cathodetand

planar geometry. The cathode emitting area consisted of oxide coated

spot welded to the sides of & tungsten tylinder wl'uch surrounded t;he cathode .
heatef. C : ‘ ‘ : . . - . b
‘ When vacuum chamber lealks were encountered durmg tests of the - g S
/?/isk gathodes, the test’diede current’ droppgd to essentially.zerd, During’ the - ”
e

st of flower cathodé Na. 22 after the cryowall leaks,were eliminated, the - LR
diode was cperated- tem?erature Iimited and the emission remamed constant R
or.an anode voltage of 25 V., R T "é SR
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M 4622

Test diode used during life testing of disk cathodes
Nos. 3 and 4, and flower' cathode No. 22.

Fig. 1I-44.
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. Nickel Encapsulated Powder Cathodes

The cathode carbonate particles were nickel encapsulated to improve
the dhesion and reduce the resistance of the cathode coating. Thick cathode
coatings are required to provide sufficient emitting material to withstand long
periocds of mercury ion bombardment. Two problems associated with thick
oxide cathode layers are flaking, or poor adhesion, and resistive heating in
the oxide layer, or autocathoding. The objective is to encapsulate each parti-
cle of carbonate with a thin layer of nickel so that the nickel surfaces fuse to-
gether on heating thereby providing adhesion and current paths of low resistance.

Nickel encapsulating of the carbonate particles is accomplished by
using nickel carbonyl vapor. This encapsulating technique has been discussed
by Maurer and Pleass. 20 The apparatus used for nickel encapsulating the
carbonate powder is schematically illustrated in Fig. IiI-45. A measured
amount of 11quid nickel carbonyl N:(CO)4 is dispensed into the graduated beak-
er, and then the carrier gases (H- and N,) transport the Ni(CO)4 vapor to the
heated reaction vessel containing the ’BaZSr Ca) COj3 particles. With the re-
action chamber heated to 120-156°C, the Ni(CO)s decomposes with the Ni
encapsulating the (Ba Sr Ca; CO3 particle and CO leaving as exhaust. Any
Ni(CO), that is not decomiposed within the reaction chamber decomposes in
the heated (250°C) residual decomposer. »

The carbonate particles are in the 2 to 3 u sizé range. The desired
nickel encapsulant is about 2% by weight. This amount of nickel provides an
encapsulant thickness less than 0.05 p which is below the resolution limit of a
light microscope. Hence, the nickel :ncapsulant can not be observed. X-ray
spectrographs, arc spectrographs, and chemical analyses were made to de-
termine the nickel content of the encapsulated carbonates. The measured
nickel content ranged from about 0.1 to 2%, depending on the sample and meas-
urement technique used. Chemical analysis (gravimetric method using di-
methlyglyoxime) yielded the higher values of nickel content, and arc spectro-
graphic measurements yielded the lower values %

Measured values of the resistivity of nickel encapsulated and uncoated
carbonate powders were not of the order of 0.1 and 100 Q-cm that would be ex-
pected for active emitting coatings using these powders. The carbonates must
be dissociated into oxides and the powder sintered in order to obtain the expect-
ed resistivities. After activation and removal of the oxide coated surfaces
from the vacuum system, the oxides are converted.to hydroxides and hydrates,
This wdter absorptmn and problems with contact resistance still prevent mean-
ingful resistivity measurements. Performance of the 2 mm thick cathode
coating on the cup cathode, and the 0.2 to 0.4 mm thick coatings on the flower
cathodes indicate that indeed the nickel encapsulate lowers'the resistance of
the oxide layer. Bunt it should be noted that some flakmg of the 2 mm thick
coating,on the cup cathode did ex1st. . .
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i.. it'was observed that this valve was closed, The time la e between valve

Flower Cathode No. 18

The purpose of flower cathode No. 18 was to evaluate, during a 200
hour test, the emitting properties of nickel encapsulated barium carbonate.
This first cathode using the nickel encapsulated bariwm carbonate was sprayed
with a multithickness coating of 10, 20, and 30 mg/cmz. The appearance of
a portion of this coated mesh, before test, is shown in Fig. III-46. The di-
mensions of this cathode were those of design ¢. This cathode was tested using
a 15 cm simulated thrustor installed in the % in. mcrcury diffusion vacuum
system. The performance of this cathode is described by the following test
results. Fig. III-47 shows the cathode temperature-power relationship. As
compared with the heater power required initially for a design 2 cathode
sprayed with carbonates only (75 W for 850°C Br, -see Fig. III-4), this cathode
sprayed with nickel encapsulated carbonate required an increased heater power
(120 W for 850°C Br). This result is consistent with the darker appearances
(increased emissivity) of the nickel encapsulated carbonate. Arc currentas a
function of arc voltage is shown in Fig. III-48, for a cathode power of 100 W,
magnet current of 10 A, and a mercury flow rate of approximately 300 mA.
The increase in arc current with arc voltage most likely is a result of cathode
heating by thu increased arc power. There is also the possibility that the
cathode activity is increased by the enhanced ion bombardment. Arc current
as a function of arc power for a fixed cathode power of 74 W is plotted in
Fig. III-49. Also, the arc current is a function of the heater power aad this
relationship is shown in Fig. III-50, where the arc power is held constant at
212 W. The relationship of arc power to cathode power, for a constant arc
current of 4 A, is shown in Fig. II[-51. Since the sum of arc power and heater -
power does not remain constant for a given arc current, it can be concluded
that the arc power is more effective in determining the cathode temperature or
emission level than is the heater power.

L

The test period for this cathode was intended to be 200 hours. The .
cathode was maintained at operating temperature for 317 hours, and an arc
voltage and current of 40 V and 4 A were maintained for 215 hours. The test
was terminated as a result of an open circuit in the cathode mesh. . The appear-
ance of the cathode mesh in the: vicinity of the open circuit is shown-in Fig.
111-52. The loss of cathode coating and nickel mesh by evaporation and/or
sputtering is readily apparent. In the lower portion of Fig. III-52, the nickel
has agglomerated, indicating that the temperature had reached the melting
point of nickel (1453°C). Two unfavorable conditions associated with these
tests were (1) the mercury flow rate was lower than expected and (2) the
chambe? pressure increased above the normal operating range of- 10-6 to
1078 Torr. The mercury feed system was held at a temperature for a flow
rate of 250 mA, but the mercury expended as calculated from weight measure-
ment before and aftér test indicated that the flow rate was about 100 mA.

Either the apertured plug in the feed system was partially closed, or the feed

system thermocouple was in errdr. The vacuum system used for this test B
contains an automatic pneumat:,c valve ihat isolates the test chamber from,
the pumping-systém on momentary power failures. After the cathode failed,

closure and cathode failure is not known.. The ionizati n«gauge indicating the
pressure is located on the pump side of the valve. ';‘)ierefore, the vacuum ; :
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pressure readings tc the cathode failure point were normal. This ionization

- gauge will be relocated for future tests. An increased chamber pressure can

- partially poison the emission and cause localized heating. This cathode failure
could be a result of this unfavorable test condition. The over-all appearance
of this cathode, after test, is shown in Fig. 1II-53, The open circuit is at the
upper left. Most of the cathode coating is intact. The coating, remaining on

a section of the mesh that was removed after test, amounted to 12.3 mg/cm

or 71% of the original coating weight density. On this basis, this cathode
coating would have a projected life of only 1100 hours. But from Fig. III-53,

it is obvious that most of the cathode coating remains on the mesh. However,
it should also be noted that the cathode coating is completely eroded or evap-
orated froin the mesh in the vicinity of the open circuit (Fig. II-52).

B SR N LA

<

Flower Cathodes Nos. 22 and 23

Cathode No. 22 was fabricated for a 1000/2900 hour life test. This
cathode was of design 4B, and the pertinent dimensions are listed in Table II.
The cathode emitting layer consisted of nickel encapsulated barium, strontium,
calcium carbonates. The top half of this cathode mesh was coated with a
20 mg/cm? layer and the bottom half was coated with a 40 mg/cm? layer.
The cathcde was instal’2d in a complete thrustor and was life tested in the
2 1c cryowall vacuum chamber.

? This cathode was at operating temperature 1650 hours and a beam
current of 200 to 250 mA was maintained for 1013 hours. After testing for
1013 hours of beam life, this cathode and thrustor performance was essen-
tially identical with initial performance. The test was interrupted at this
time because of lack of contract provision for more extensive life testing.
During life test, the cathode power was increased from 50 W to only 58 W.
Typical life testing parameters were as follows:

cathode power = 58 W
arc voltage = 40V -
arc current = 1.7A -
accel voltage = 5 kV
decel voltage = 0.6 kV

“ beam current = 227 mA

mass.utilization eff1c1ency 85%.

After 810 hours of beam life, a seal in the mercury feed system
opgned and the reservoir was emptied. Thus, it was necessary to expose the’
cathode to atmOSphere durmg the repair and refilling of the mercury feed
.system. By visual 1nspect10n of the cathode at this time, it was estimated
that the'ion sputtering of the oxiue coating was negligible. To minimize Ba,
8r, Ca hydroxide-hydrate formation during cathode exposure, the cathode
temperature was held at about 150°C during exposure to air. After the:
thrustor was remstalled in the vacuum chamber and a 10°7 Torr pressure
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' Cau,thode life testing was performed with the thrustor o
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was obtained, the cathode reactivated readily and the thrustor operating
parameters were rc-established as listed above.

A more complete description of the cathode-thrustor performance is
shown by the following graphs. Fig. III-54 shows the cathode temperature-
power relationship. As this cathode was installed in the 2 ft cryowall
vacuum chamber, it was necessary to measure its temperaturc optically
from its reflected image. Therefore, the actual temperature was probably
Ligh~r than that shown in Fig. IlI-54. Nevertheless, the low operating
temperatare, in the range of 800°C Br for cathode powers of 50-60 W, indi-
cates that this cathode has remained an active emitter throughout this life
testing. Arc current as a junction of arc voltage is shown in Fig. III-55.
These data are for mercury flow rates of 220, 300, and 340 mA. The
numbers on the curves are the values of measured beam current. Arc cur-
rent as a function of arc voltage with cathcede power as a parameter is
plotted 1n Fig. III-56. A considerable decrease in arc current is not evident
until the cathode power and arc voltage are decreased below 50 W and 35 V,
respectively.

This cathode, after test, is shown in Fig. III- 57, The cathode
mesh appears in good condition without excessive ion sputtering, but the
back support plate has been partially sputterzd away. The loss of support
plate has permitted the cathode mesh to sag irom its original shape. To
withstand the ion sputtering, this back plate thickness can be increased
without difficulty or without changing the cathode characteristics. A por-
tion of the mesh was removed and the oxide ccating remaining after test
was measured. A coating loss of 34% was calculated from these weight
mezasurements, but considerable oxide coating was lost in the process of
removing a portion of the cathode mesh. Therefore, these weight measyre-
ments do not serve as an accurate measure of tae oxide coating lost as a
result of life testing. I'rom visual inspection, there is no significant-loss
of oxide coating. The nickel ‘encapsulated powder was apphed to the cup
cathode emitting surface to a thickness of 2 mm {150 mg/crn *) without
resistive overheating (autocathoding) or sparking problems. Therefore,
the oxide coating for the flower cathodes, using n\,\ckel encapsulated powder,
could be increased by factors of 7.5 to 10. *With t\ls increase in oxide-
coating thickness, sufficient oxide would be availalle to withstand more than
10,000 hrs. of ion bombardment, even if one assm\ues that 34% of the coating
was lost during this test. , ‘\‘\

\\. '

Cathode No. 23 was fabricatedas a bac,k up x\or .cathode No. 22.

Cathode No. 22 served properly, therefore, cathode“No 23 was not tested.

e

[ ‘\’

Flower cathode No. 26 i i\ SN /

3

quxrea testing of this thrustor and power conditioning euipment provided a ”

use W1th a LeRC thrustor and Hughes power conditionitlg equ1pmen£ Re- » o
means of obtaining additional tests of the encapsulated \qw

der-cathodes. 4
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set as previously listed on page 47.

The variation of cathode power and temperature for this test is
also plotted in Fig. III-21. The test was terminated after a total of 500 hours
for both cathodes No. 24 and 26, as a 500 hour test was the objective set for
the thrustor and power conditioning equipment. This cathode performed with-
out a continuing increase in cathode power and temperature. This improved
performance was due to the improved environmental test conditions. The
cathode appearance after test was a light gray, which is characteristic of
active emitters. This test therefore was successful, even though it was too
short for reliable extrapolation to very long cathode life.

Cup Cathode

The cup cathode was designed to take advantage of the desirable fea-
ture of an indirectly heated cathode and to eliminate the disk separation prob- |
lem of the disk cathode. The desirable feature of an indirectly heated cathode :
is that the heater need not be exposed to the ion bombardment. As listed in Y
Table II, the emitting area was 8.2 cm and the frontal area was 3.2 cm. For
anarc of about 2 A which is the typical reqmrement for a 15 cm thrustor, the
emission density requirement was about 14 A/cm?. The emitting area was
sprayed to a coating weight of 150 mg/¢m¢® which is equivalent tc a thickness
of about 2 mm. The emission coating used was the nickel encapsulated triple
/carbonate. The' total amount of emitting material was approximately 1.2 g
” which should be sufficient to supply the sputter losses for 10, 000 hours of
operation. Figure III-58 is a photograph of this cathode before test. The -
essential construction details of this cathode are shown schemat1ca11y in
F1g II-5. This cathode was tested using a 15 cm simulated thrustor in the
6 in. mercury diffusion vacuum system. The heater power required for various
cathode temperatures is shown in Flg. II1-59. For a normal cathode operating
temperature of 850°C Br,an emission current of 2 A was obtainable with an arc
voltage of 75 V. - This results in an acceptable power-to-emission ratio of
16 W/A. Arc current as a function of arc voltage with cathode power as a

parameter ig shown in Fig. III£60. An arc current of only 1,0 A was obtain- v

able with the desired operating arc, yoltage.and heater power of 45 V A ,,//

typ1ca1 life test operating point was as follows: . . v

. .. heafer power =  38.8W ) : S .,
a:'rc/} voltage 3 = 45V 2 ' //B o /l /
avc current i = 1A o . /' Loas

* ‘mertury flow - = 200mA Y A,

magnet current F 20 A, S | ‘ ,-5/ .

With the cup cathode ope atmg at 2.5 A, the/er e current densxty was. L e
approx1mately 0.3A/cm®; and although sonfte reszs‘ti\ie heatmg\was evxdent, .
the heatec power setting remained the co ollmg pirameter for the emtssxon .
current. The life test pericd consisted of 96 hours'for the cathode:at oper: .
atmg tempe rature and 65’hoursofor the Frc on time.: The test was terminated .

The heater power was increased to--

.o o 9 K iy Y - “ “:/
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an increase over the design operating heater powexr of about 35 The .. .
heater opened near one lead by meltmg of the tur ysten coil. iéhc dppear«mce oy
of this cathode after test is shown in Fig. III-61. Thé emissive codting®.. " ..
missing {rom the cathode top flaked off after. removal from the vaﬂ:u m sy5= LT
tem. Water absorption from the atmosphere undoubtedly contrxb{lte jo thig -
ﬂaking phenomenon. The cup cathode test results mdlcdte thatf'(/ :
emissive coating of 2 mm thickness ddes npt result in‘unduc aythode
heating or autocathoding when nickel coated carbonates dre ug d, amd v
the emitting area and heater size were too small to-provide the desxre«‘\
current and heater life. In addition, the amount of rickel us¢d to enca
late the carbonates was probably near optimum for’ émmswe layerQ of
40 mg/cmz, but for this layer of 150 mg/cmZ the arhount-of nickel encap ulag-

AT

ing on the carbonates should undoubtedly be* mcre&sed The-optimurmy amjunt - ..
of nickel encapsulate for: varzous emission layar tmck,nesses *should be' o T
vestigated farther. . . p A o " .

K " [} e ‘e~

5 : Ny

The fact that controlled operation (#o ar’&l?lg n@rﬂautocatbodlng) N
could be obtained witha 2 mr) - tHach’"coatmg is a good “ind;sééltlon that’ a‘ S A
10, 000 hour cathode of th1s type is feas1b1e. o ) SR A
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G. Heaters

At the higher cathode operating temperatures, the_ heater failure rate
approaches that for cathodes. Typical life data from Beck3 irdicate that prob-
lem . with long 1fe (3000 hours +) heaters are encountered at cathode tempera-
tures of about 1200°C. This was another reason for concentrating our efforts
on the low temperature oxide cathodes.

For the directly heated cathode, our previous experience had shown
that a failure problem was concerned with the connection for the flower cath-
odes fabricated under this contract. A nickel sheet was welded in good con-
tract with the cathode mesh (before coating). To date, no failures have been
encountered for this heater lead to mesh connection.

The heater design for the indirectly heatzd cup cathode is shown in
Fig. 1II-63. The tungsten heater wire was alumina coated to minimize tung-
sten evaporation onto the alumina support. Fig. III-63 also illustrates the
d-sign fecatures of the heaters used with the disk and impregnated cathodes,
although the disk cathodes used a flat heater geometry and the heaters for
the impregnated cathodes were potted or entirely enclosed in insulation.

A's mentioned under the test results for each cathode, the heater
leads failed for the impregnated cathodes, and for the cup cathode the heater
failed near a lead. Obviously, the lead failure can be minimized by increas-
ing the lead diameter, and method of increasing heater reliability can be
seen from the following a'halysis.

The heater power is transferred from the enclosed surface (heater)
to the enclosing surface (cathode) pr1rnar11y by radiation; this transfer is
go~erned by the relatlon

e ;
« ”7
s oA, T‘; - Tg /
7 »/11 P = : ! 1/
7 1-2 1 Al 1y /
V4 - + — - C
y €] A 5 N\ « 7
icd .- A J
where -~ 0 ’
/:l/ )/
/ Al =  effective heater radiating area R
J A2 =  total cathode radiating area ] /'/ -
: © ) o ¢ // ; .“/o y
€ a:n)d e, = emxss”wx-txes th A} and AZ // .
T, and T‘Z = " heater and cathode temperatures. < // ‘
o . . ’ Ce ;/

o . v
o e B . ) v

) “ . o

“ Tgi_e' ‘heater’ ﬁéﬁ}q{amre for a given power transfer is minimizéd as Ap/A,
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approaches unity. Therefore, the design changes for futurc cup cathodes would
include an increased heater area in relation to the cathode area.
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V. FACILITIES

The major facilities needed for this cathode study program were
thrustors, vacuum chambers and power conditioning equipment. Chemical
and metallurgical laboratories, cathode spray room, furnaces, and other
general purpose facilities also were used as required. Some of the earlier
cathode tests were completed using 10 cm diameter thrustors that were
available at the HRL., For later cathodes tests, tws 15 cm simulated
thrustors and ¢ « complete 15 cm thrustor were fabricated. A simulated
15 ¢cm thrustor .iong with a mounting plate and a disk cathode is shown in
Fig. IV-1, i

A 6 in. diameter cil diffusion vacuum station was couverted to
mercury diffusion system. The water cooled baffle and roughing lines were
converted to refrigeration cooling. .In additiou, the liquid nitrogen trapping
system was rebuilt to provide optically tight baffling. The power condition-~"
ing equipment for the simulated thrustor tests consisted of cathode heater
supplies, dc magnet supplies, boiler heater supplies and controllers, and
arc supplies. Two consoles containing one of each of these listed supplies
were fabricated. A simulated thrustor, power conditioning console and
mercury diffusion vacuum station are shown in. Fig. IV-2. A schematic

' “diagram of the simulated thrustor-cathode test set-up is shown .in Fig.
IV 3. , : .o

PRI i R
i Bl gl SRS,

¥

L

—

n X
2 g eRoe

- An ion-sublimation pumping syste'n was manufactured to provide a
bakable vacuum-chamber which produces a very high vacuum, completely
hy‘drocarborx free, All seals are metal to metal, thereby eliminating all
gréaped o-rings. The sublimation pump i§a Varian Model 956-5030 and ‘
the 'yzn pump i8 a Hughes Vacuum Tube Products 30" ll'er/sec pump. A

. typical pressure duriag cathode test, using this system, was 10-8 Torr. =
This system, includiug a sunulated thrustor mouguted on the end plate, is
shown quig. IV -4, “

o

b RRET

CENIITY

W

§ . . The complete thrustor, fabmcated as part of: tlus Contract, consmted '

B of the accelerator optics, thrustor dlsgharge chamber, isolator, flow meter, -, o

" vaporizer, and mercury reservon‘. These jtems and the test equipment are

. shown schematically ‘in Fig. IV-5.. A photograph of this- doi‘nplete thrustor =~ - %

..« as it was {ustalled_ in the 2.ft. chambe;‘ is shown.in Fig. IV- 6. . The power . o

3 e cond’ﬁ:ioning ‘equipment for the caomplete thrustor tests,. and. the’ 2 ft. cham- -

24 % "% ber’wéie.available °prior to this Contract. These latter two itéems required | v
‘ © < only modifications in order to complete these cathode-thrustor tests. - / o

1.7 "Fig. IV 7 shows ‘the thrustor power conditioning equlpmenl: and 2 ft; vacg' : :
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V. CONCLUSIONS AND RECOMMENDED FUTURE PROGRAM

The flower vathodes have performed satisfactorily in a number of
200, 500, and ~100f} ‘hr. life tests. These tnst results indicate that 10,000
hr. missions usirig flower cathodes are pcﬂmble. Nickel encapsulated
cathode powder was used for coating the filower cathodes fabricated during
the latter portj %n of the contract period./ In the body of this report, these
cathodes alofig with the cup cathode, werre discussed under the heading of
"nickel enc?psulated powder cathodes, " This encapsulated powder provided
improved c/oatmg adhesion and reduged coating resistance. Cathode flaking
(lack of cgating adhesion) and cathode sparking (autocathode or high coating i
resistan¢ge) have limited cathode life on the early oxide cathodes fabricated r
under this contract, and elsewhete. This nickel encapsulated powder has
provid¢d means of mcreasmg the oxide layer thickness, by a factor of 7.5
to 10,/and minimizing the coaytmg adhesion and resistance problems. From
the /easuran ents of oxide goating remaining after test, life projections
‘ maj 'range from a few thoiisand to tens of thousands of hours. Accurate
projections of the oxide coating life are not available as the coating weight
is influenced by factors other than mercury ion sputtering. These factors
influencing coating weight include carbon deposits, sputtered metal deposit
(flower cathode No. 13),/evaporative loss from overheated inactive areas,
/coating flaking, and walter absorption.

Measurements re required of the sputtermg rate of oxide cathode
surfaces by mercury ons of various energies and densities. The liquid-
,i / sputtering facility dejeloped on Contract NAS 3-6273 should be suitable for
4 / ' measuring the oxidejcoating loss due to ion sputtering only. The thickness "
/ (resistance) of the-okide layers on most of the flower cathodes was adjusted
<7 .80 that resistive hepting (autocathoding) was not a serious problem. But
] more definitive type measurements of oxide layer resistince are needed.
~ For these measurgments well activated-oxide layers should be used and the .
resistance as a fjinction of layer thickness for various amounts of nickel

©

; o ehcapsulating the cathode powder particles should be measutred:. These
= 7.7 . wesults would’serve to optimize the methods of storing sufficient emu;tmg
_ material to ove/u-come sputte ring lossea for the desired lifetime. o
%’ The flgwer cathode failures.that were a result of an Open c1réu1t in the

\\ . nigkel mesh/tan be: attributéd to cathode inactivation resulting from poor - ..
\ -7~ vacuum con tions. Thxsucathode inactivation permits the arc to concen-

g' \ ) a small region and melt the ‘nickel mesh. A poss1b111ty that
overlopked for inc reasing flower. cathode rel:abzhty is the use

e, -melting-temperature matenal, e g., tunggfen. .

\ /

s ¥

: ] , o
. F r th.e various. flowex" catho&e desjgns, one ﬁarame%ei‘ that was -~ . , .
) vaned ‘¢ the spacing.- between the folds of the nickel megh; For.the design” .- .

*No. 2, with close ‘spacing of th,e folds, mast spiittering occurred at the front .

. edge of/the.mesh,.  For the design No. 4, .with increased spacing; the back ;f

, heat shields were sputtered away partially (cathode No. 22)." These test ;. .= .
v ~ ~  resultg.ndicate that the fold spacing.and mesh depth are approximately cbr- oy
I v T rédts Nevertheless.‘additw study of tke cathode a,sma mtera»cti*oy/w ' LN
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needed for further cathode optimization. This study would permit determi-
nation of the plagma penetration within the cathode folds, and emission density
along the depth of the mesh. J
. /’
During this contract some upt1m1zat10n of the cathode size, location,
and method of mercury feed have lowered the arc current required for a
15 cm thrustor from the range of 4-6 A to approximately 2 A. Flower cathode
No. 22, used in the last 1000 hour life test, was an optimum cathode design in
many respects; for example, (1) the emitting area was reduced so that the
heater power was only about 50 W while the required emission of 1.5-2 A was
still available, (2) spacings between the mesh folds were adjusted so that the
plasma sheath penetrated the depth of the mesh, and (3) nickel encapsulated
powder was used to minimize oxide flaking and resistive heating problems.
This optimized cathode design, cathode No. 22, performed very sdtisfactorily
during its 1000 hour life test, although some test difficulties were encounter-
ed, such as a mercury feed system,;leak. Although this cathode design is op-
/  timized in many respects, additional study of cathode size in relation to dis-
charge chamber size could result in further increases of discharge chamber
efficiency. r

; , In one case, the disk cathode operated very effectwely at a heater
Y power to arc current ratio of. approximately 13 W/A. In other cases, the
- disk cathode heater power increased to the range of 150-180 W for arc 7
currents of 2 A or less, These poor Test i1 were caused by heat flow‘
problems. The proper control of the he..:..g efficiency and the unequal
sputtering of the disks and oxide coatmg are proplems, of sufﬁcxent severity o
that addltlonal tests of the disk cathode are not Just1f1é\
4 : :
. The cup cathodes provides a means of storing ample emitting ‘ma-
_terial to Supply sputtering losses without autocathodmg, if the proper amounts
) of nickel encapsulating the cathode powder ate utilized. To date, prehmmary
W . tests performed with the cup cathode, Lave not been fully satisfactory. It is
’ believed that in these tests the nickel encapsulation was insufficient. Addit-
{onal tests usfng this cathode desijgn should therefore be performed. ‘
AN . °
o e The. results obtamed with impregnated cathodes were essentxally as. | e
expected. Excessively high operating temperatures were required for barium .
~ production and transport to the cathode gurface. These high temperatures
o~ resulted in°high ratios of heater power to arc curgent, and low heater relia- °
" bility. Fyrtheér thruster tests of impregnated cathodes are prbdbably.not'justi-
* fied without modifications of their design. ' These. mpdu'xcatzons would consist - _

Y]

; " 7 “of using a unjform smaIl partxc}e substrate that could ®e supplied with ample .
v T banum to ma m a' part1al monolayer u})der heavy ion bombardment. IR
-] o y ) o
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